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Preface 


This book begins with metamaterials technology, a novel approach for the design of 
radiofrequency and microwave components and circuits. Since reliability is a key success 
factor to engineering products today, the different misconceptions in the common reliability 
practices of integrated circuits manufacturers are presented. 

A bio-inspired approach designed to solve some tasks raised in the "Bionic Eyeglass 
Project" is described, which aims to help the everyday life of visually impaired people.This 
book also discusses the intrinsic charge transport in organic field-effect transistors based on 
self-assembled monolayers and on the nature of transport in organic systems. A combined 
view of spectroscopic studies on electronic states in working organic thin film is presented 
based on experimental results. Solution-processed organic thin-film transistors are also 
introduced. 

The use of photodiode array detectors as a powerful tool in HLPC is examined with an 
emphasis in peak identification and confirmatory results. The mechanisms of avalanche 
photodiodes as a particle detector and its latest results are reviewed. The main characteristics 
and properties of photodiodes and their applications in textile industry and biomedicine are 
also discussed. Finally, the specific application of photodiodes in cardiac optical mapping is 
presented. 

Recently, metamaterials technology has emerged as a novel approach for the design of 
radiofrequency and microwave components and circuits. Metamaterials are artificial 
materials, made of small size inclusions (or “atoms”), whose electromagnetic properties can 
be tailored to some extent, and rather than depending on the composition, these properties 
depend on the arrangement of the constitutive elements. Thus, for instance, it is possible to 
synthesize artificial media exhibiting a negative effective magnetic permeability and 
dielectric permittivity with non-magnetic metallic particles etched on a dielectric slab. Media 
with such properties (negative permeability and permittivity) are not present among natural 
materials. These controllable properties can be achieved by designing the structures with 
electrically small inclusions, so that effective media properties are obtained. Metamaterials 
are of interest in many areas. For instance, it has been recently demonstrated the possibility of 
implementing invisible cloaks for microwave radiation. However, one of the main areas 
where metamaterials are of major interest is in RF/microwave engineering. The small size of 
the unit cells and the controllable properties, are very interesting for the design of planar 
components with small dimensions and high performance. Also, it is possible to design 
devices based on new functionalities, multiband components and circuits with enhanced 
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operative bandwidths. These metamaterial based design techniques can be applied in a wide 
range of frequencies, from RF up to millimetre wave circuits. Several prototype devices 
(filters, diplexers, power dividers, couplers, and reconfigurable components) in planar 
technology, illustrative of the possibilities of the approach, will be presented in Chapter 1. 
This will include realizations in PCB and also in advance microelectronics technologies, such 
as RF-MEMS and MCM-D technologies. 

Reliability is a key success factor to Engineering products today, and the requirement for 
integrated circuit reliability is increasing due to increasing complexity of electronic products, 
market globalization and manufacturing outsourcing. This chapter illustrates the important of 
integrated circuit reliability and the rationale behind its “ridicules” requirement of more than 
50 years. 

Reliability test is not new to the integrated circuit manufacturers. However, there are 
several seemingly intuitive concepts in the reliability tests and test data analyses that are 
being practice in the manufacturers today are incorrect and can lead to over-estimation of 
product reliability grossly. This chapter shows the different misconceptions in the common 
reliability practices of integrated circuits manufacturers with examples. 

The purpose of Chapter 2 is to bring awareness of these misconceptions. All these 
misconceptions can be resolved with the proper use of reliability statistics which is beyond 
the scope of this chapter. 

As presented in Chapter 3, a multi-channel mixed-signal full-customized CMOS 
integrated biopotential sensor chip and microcontroller based electronic system have been 
developed for in vitro extracellular recording of neural signals. The multi-site planar 
microelectrode array sensors for simultaneous neural signal recording have been designed and 
prototyped with on-chip fully integrated analog signal processing circuitry and control 
system. The biosensor system is built with hierarchical modules that incorporate 
microelectrode electrophysiological sensors, analog signal buffers configured with two-stage 
amplifier, gain providing amplifiers based on operational transconductance amplifier (OTA) 
with capacitive feedback and digital logic and interface units including clock generation and 
time division multiplexing control circuitry. The prototype IC was fabricated by MOSIS 
using AMI C5 0.5 pm, double poly, triple metal layer CMOS technology. The electroless 
gold plating process is used to replace the aluminum material obtained from the standard 
CMOS process with biocompatible metal gold in the planar microelectrode array sensors to 
prevent cell poisoning and undesirable electrochemical corrosion. The post-CMOS processing 
and packaging techniques applied to the biosensor chip promotes biocompatibility and 
stability in the aqueous cell culture environment. A microcontroller based electronic system 
interfacing the biosensor IC with a client PC for the post processing of the action potential 
signals sensed by the biopotential sensor chip was also developed. The biosensor has been 
tested electrically in the presence of electrolyte environment and is shown to provide a 
satisfactory signal-to-noise ratio for neural signals with amplitudes in the range of 600pV- 
2mV and frequencies in the range of 100 Hz - 10 kHz. Biological example in vitro recordings 
conducted with neurons from Aplysia californica are shown in this research work, which 
proves the full functionality in neural recording of the biosensor chip incorporated with the 
interfacing electronic system based on 32-bit Motorola ColdFire MCF5307 RISC processor. 
On-chip amplification and time division multiplexing techniques of the multi-channel 
biosensor chip allow the large-scale simultaneous recording of biological activities of 


neurons. 
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Chapter 4 describes a bio-inspired approach designed to solve some tasks raised in the 
‘Bionic Eyeglass Project’ [1], which aims to help the everyday life of blind or visually 
impaired people. The purpose of this approach is to provide a specific kind of information or 
to determine the region of interest (“ROI”) in a low-resolution and unstable video flow 
recorded with a mobile phone by the visually impaired person. In the present paper the 
authors introduce a new stabilization method and three different tasks are resolved: firstly, 
locating LED (light-emitting diode) indicators, secondly, locating traffic signs, and thirdly, 
deciding whether there is any switched-on lamp in a room. The test database has been made 
out of real-life scenes. The authors provide detailed evaluation results referring to the 
execution of those tasks. 

Our descriptive context refers to the recently modeled mammalian retina channel 
decomposition [2]. Using it the authors can avoid - at least partially - the classical difficulty 
that image processing algorithms nowadays face, namely that the intensity or color values of 
the same object largely depend on the actual lighting conditions. A further difficulty referring 
to the lamp-detection is that the solution has to be completely independent of the input’s 
actual brightness. The method the authors introduce relies only on a single retina channel and 
achieves a very high accuracy: the ratio of the correct answers is around 99%. The other two 
tasks are to carry out an approximately real-time ROI-detection algorithm based solely on 
image information from an unstable low-resolution video-flow containing complex real-life 
scenes with unconstrained lighting conditions. The accuracy of the introduced methods is 
around 80%. 

The authors also make use of a stabilization algorithm designed especially for this 
project. In order to yield the desired information, they process channel-data as well as 
saliency maps. The presented method can be useful in a variety of other application areas. 

Chapter 5 focuses on the intrinsic charge transport in organic field-effect transistors 
(OFETs) based on self-assembled monolayers (SAMs) and on the nature of transport in 
organic systems, in which surface and bulk properties are undistinguishable due to scale of 
consistent materials. Recently developed SAM-OFETs are characterized by photovoltaic 
measurements. The dynamics of charge transport are determined and used to clarify a 
transport mechanism. Taken together, these SAM devices provide a unique tool to study the 
fundamentals of polaronic transport on organic surfaces and to discuss the SAM OFET 
performance. An outline is presented of the outstanding problems that are now becoming 
experimentally reachable owing to the development of SAM-OFETs. Vapor phase molecular 
self-assembly of 1,4,5,8-Naphthalene-tetracarboxylic diphenylimide (NTCDI) having a rich 
7i-stacking charge delivery system is used to enhance the performance of molecular field- 
effect devices. Charge mobility in SAM-OFET could achieve values of more than 30 cm V" 
1 s . The dynamics of charge transport in NTCDI-derived SAM-OFETs were probed using 
time-resolved measurements in an NTCDI-derived photovoltaic cell device. Time-resolved 
photovoltaic studies allow us to separate the charge annihilation kinetics in the conductive 
NTCDI channel from the overall charge kinetic in a SAM-OFET device. It has been 
demonstrated that tuning of the type of conductivity in NTCDI SAM-OFET devices is 
possible by changing Si substrate doping. In addition, the possibility of measuring transport in 
highly ordered SAM structures shines light on the polaron charge transfer in organic 
materials. Our study proposes that a cation-radical exchange (redox) mechanism is the major 
transport mechanism in SAM nanodevices. The role and contribution of the transport through 
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delocalized states of redox active surface molecular aggregates of NTCDI are exposed and 
investigated in this chapter. 

Chapter 6 is intended to provide a combined view of spectroscopic studies on electronic 
states in working organic thin film FETs based on our experiments. Three kinds of 
spectroscopic techniques are presented: Ultraviolet Photoelectron Spectroscopy (UPS), 
Electron Energy Loss Spectroscopy(EELS), and near infrared photocurrent spectroscopy 
(NIRPCS). Information on energy levels, effective mass, location of field induced carriers 
and gap states related with traps and off-current of the devices can be obtained from those 
spectroscopic techniques. 

In Chapter 7, solution-processed organic thin-film transistors (OTFTs) using poly (3- 
hexylthiohpene) (P3HT) and 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene are 
introduced. By properly selecting the organic solvent for semiconductor, adjusting the surface 
energy of gate insulator and introducing a novel source/drain electrode structure, high 
performance OTFTs can be realized. This chapter focuses on effect of solvent on the 
crystallinity, morphology and electrical performances of OTFTs based on P3HT and TIPS 
pentacene. 

Organic light emitting device degradation mechanisms have been elaborated. In 
Chapter 8, a novel technique to inhibit the growth of dark spots and improve device lifetime 
have been proposed. The technique involved the development of organic film such as 
Parylene, Teflon and other suitable high barrier and dielectric organic polymer materials in 
the device structure which proved to improve device lifetime by 100 folds. A new analytical 
tool, low frequency fluctuation, has been setup for organic device lifetime characterization. 
Correlation between the process of device degradation and the low frequency fluctuation was 
successfully established. 

Photodiodes are semiconductor devices with a p-n or p-i-n structure for the detection of 
light. When used as an array (a number of diodes placed side by side), they serve as light 
sensors characterized by excellent linearity with respect to incident light, low noise, wide 
spectral response and mechanical ruggedness. This advanced type of detection is the most 
sophisticated UV-Vis detector widely applied in HPLC. In contrast to a conventional single 
wavelength detector, photodiode array (PDA) detectors are used for monitoring spectra of 
analytes passing through a sample flow cell over the entire wavelength range. Continous 
monitoring of the absorbance spectra of eluted components provides a great deal of 
information for an analysis. One of the most significant advantages of the PDA detector to the 
HPLC analyst is that it permits the recognition of unknown constituents in a complex matrix. 
Peak identification is achieved using spectral information and detection is not only based on 
retention time. Spectral data stored in a computer, can serve as a bank for identifying 
unknown peaks. PDA detectors can be used both for routine applications and applications 
such as method development and peak characterization. 

Additionally a PDA detector can provide information using the acquisition of spectra to 
determine peak purity. The latter is of paramount importance in pharmaceutical industry, 
where it is designated to detect the presence of co-eluting impurities. 

Applications of PDA detection can be found in all analytical fields, especially in cases 
where confirmatory analytical methods are required. In food quality control samples, residual 
analytes in food of animal origin can be detected so that non-compliant samples can be traced. 
In clinical analysis, it can be used in pharmacokinetics, metabolism and bioavailability 
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studies. Moreover, drugs can be monitored so that therapeutic levels can be estimated and 
effective drug doses can be personalized in patients. 

In Chapter 9, the use of PDA detectors as a powerful tool in HPLC will be discussed with 
emphasis in peak identification and confirmatory analysis. Examples of applications in 
several analytical fields will be provided. 

Chapter 10 presents the main characteristics and properties of photodiodes, discussing 
also their applications in the Textile Industry and Biomedicine. 

In the Textile Industry photodiodes can be used to characterize both yam diameter and 
hairiness using a coherent optical signal processing technique based on Fourier analysis. The 
characterization of the degree of hairiness using a high-pass spatial Fourier filter introduces 
several advantages in the hairiness measurement compared to other conventional approaches. 
These advantages include a signal reference for 0 % yarn hairiness, the elimination of 
contributions from the yam contours, a measurement technique which is largely independent 
of the specific yam diameter, yam shape or orientation in the plane perpendicular to the 
optical axis. On the other hand, a reliable measurement of yarn diameter can be made using 
the same optical set-up but employing a low-pass spatial filter to eliminate yam hairiness 
contribution, increasing the final measurement precision. In both measurements, a single 
projection direction is sufficient for a correct characterization, as both hairiness and yam 
irregularities tend to be uniformly distributed over a full rotation of the yam. These 
characteristics are fundamental for a reliable and precise characterization of yam, introducing 
a superior level of yam parameterization in Textile Industry. 

In Biomedicine photodiodes can be used, as the detection element, in biochemical 
analysis of body fluid samples based on spectrophotometry (interaction of electromagnetic 
radiation with biochemical compounds). They can be used to read the light intensity that is 
absorbed, emitted or reflected by a sample and therefore determine the concentration, activity, 
amount and stmcture of a compound. They can also be used in CMOS (Complementary 
Mosfet Oxide Semiconductor) imagers for X-ray detection or for being integrated in 
endoscopic capsules. They benefit from their wide availability, reduced component and costs 
and, more importantly, the capacity to accommodate multi-functional circuitry on-chip, all 
functions available in CMOS processes. All these applications take advantage of the fact that 
absorption of light in silicon and other semiconductor materials is wavelength dependent, 
which causes the penetration depth of light to be wavelength dependent. Therefore, selecting 
both the suitable junction depth and the oxide layers on top, photodiodes can be programmed 
to have their quantum efficiency increased at a particular wavelength. 

As discussed in Chapter 11, with the emergence of V m -sensitive dyes in the 70’s, it 
became possible to interrogate cardiac tissue optically, and soon afterward optical methods 
were developed to interrogate multiple spots simultaneously in a small (-cm ) region of 
tissue. Since then the field of cardiac optical mapping (COM) has greatly expanded in scope, 
from relatively simple early recordings using one or relatively few spots to highly complex 
optical systems. These include high spatiotemporal resolutions systems, panoramic systems, 
and systems which are capable of interrogating electrophysiological activity beneath the 
surface. In addition, several labs have used photodiode-based optical mapping systems to map 
V m and Cai simultaneously, on both the whole heart and in monolayer cell cultures of cardiac 
myocytes. 

Bladder dysfunction (urinary urgency / frequency) is a common non-motor disorder in 
Parkinson’s disease (PD), which significantly affects quality of life in the patients. According 
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to the animal studies and the clinical imaging studies, basal ganglia circuit influences not only 
motor but also bladder function. Bladder (detrusor) overactivity is the major cause of bladder 
dysfunction, which considered an exaggerated micturition reflex in PD. The net effect of the 
basal ganglia on micturition is thought to be inhibitory. Functional neuroimaging during 
bladder filling resulted in activation in the globus pallidus of normal volunteers and in the 
putamen in patients with PD. In contrast, dopamine transporter imaging was decreased in PD 
patients with urinary dysfunction than in those without it. Bladder overactivity can be 
reproduced in experimental parkinsonism. Electrical stimulation of the substantia nigra pars 
compacta (SNc) inhibited the micturition reflex, and striatal dopamine levels in situ 
significantly increased in the urinary storage phase. The micturition reflex is under the 
influences of dopamine (both inhibitory in D1 and facilitatory in D2) and GABA (inhibitory). 
Both the SNc neuronal firing and the released striatal dopamine seem to activate the 
dopamine Dl-GABAergic direct pathway , which not only inhibits the basal ganglia output 
nuclei, but also may inhibit the micturition reflex via GABAergic collateral to the micturition 
circuit. Intracerebroventricularly administered dopamine inhibits the micturition reflex, and 
high frequency stimulation in the subthalamic nucleus results in bladder inhibition. In patients 
with PD, disruption of this pathway may lead to bladder overactivity and resultant urinary 
urgency/frequency. Manifestation of the disrupted basal ganglia circuit on bladder function in 
patients with Parkinson’s disease and its clinical management are reviewed briefly in the first 
Short Communication. 

The complexity of the device fabrication process for the complementary metal-oxide- 
semiconductor (CMOS) technology could greatly be reduced by the utilization of ambipolar 
thin film transistors. Wide variety of techniques was employed for the realization of such 
ambipolar TFTs. One such method which is simple and robust is discussed herein. The 
contribution to the occurrence of ambipolar conduction of a pentacene-based field-effect 
transistor can be realized by dual interface engineering, which occurs at the 
dielectric/semiconductor and electrode/semiconductor interface. The former utilized a 
hydroxyl-free interfacial modified layer, and the latter was made feasible by the use of 
appropriate metal source/drain electrodes and ultra-thin nano-scale chemical compound 
insertion layer. For a hydroxyl-free interfacial modified layer, polymethylmethacrylate 
(PMMA) and Polyvinyl Alcohol (PVA) are appropriate candidates, and one can use alkali 
halogen materials (e.g. LiF, CsF) or carbonate (e.g. CS 2 CO 3 ) or metal oxide (e.g. MgO) or 
ultra-thin low work function metal (e.g. Ca) or polymer insulator (e.g. PMMA) etc for the 
enhancement of the carrier injection. The field-effect hole and electron mobility of around 
0.02 cm /V-s and 0.002 cm /V-s, respectively, were extracted from the transfer characteristics 
of pentacene organic field-effect transistors (OFETs) utilizing PMMA as the trap-reduction 
interfacial modified layer and A1 as the source and drain (S/D) electrodes. In addition, the 
mobility values for hole and electron are estimated as 0.01 and 0.009 cm /V-s, which were 
measured from pentacene organic field-effect transistors (OFETs) utilizing PMMA as the 
trap-reduction interfacial modified layer and LiF as the ultra-thin nano-scale chemical 
compound. One of the applications of the ambipolar transport is the organic light-emitting 
transistors, and light emitting transistors combine the light emission properties of an organic 
light-emitting diode and the switching properties of an organic field-effect transistor. Hence, 
the organic light-emitting transistors can further offer a new opportunity to the development 
of organic optoelectronic integrated circuit. Keeping in view of such window of applications, 
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the second Short Communication describes the fabrication routes and the demonstration of 
the ambipolar TFTs and their complementary circuits. 

In the third Short communication, extruded scintillator with co-extruded hole and 
reflective coating will be used both in MINERvA and T2K experiments. The authors have 
studied WLS (wavelength shifting) fibers (Y11 and Y7) for different shapes of the extruded 
scintillator readout using MRS (Metal/Resistor/Semiconductor) photodiode. The Y7 fiber was 
considered because of its lower then Yll cost. The purpose was to find out which fiber 
performs better in above configurations. First, the responses for both types of fibers, with and 
without optical grease, were measured by PMT (Photomultiplier Tube). The PE 
(photoelectron) yield from cosmic rays for different scintillator shapes and both fiber types, as 
seen by MRS photodiode, are reported. The attenuation lengths of Yll and Y7 were 
measured using MRS Photodiode. Y7 fiber shows somewhat better performance at short 
distances from the photo detector, while Yll performs better at larger lengths. 

Compared to normal photodiodes, an avalanche photodiode (APD) has internal gain. 
With a large reverse bias voltage on diodes, the electric field in the active region can exceed a 
critical value. There, signal carriers are accelerated to a certain velocity and create other 
electron-hole pairs in the active region. Then the avalanche-like multiplication of the signals 
can occur incrementally. APDs offer fascinating properties in terms of the detection of minute 
signals and fast response. The high electric field makes signal carriers fast when passing 
through the active region. Although APDs are widely used for photo-electronic devices, they 
are also applicable for ionizing particles. Because of these properties, APD makes it possible 
to detect extremely low energy particles even under the environment of high temperature. 
Thanks to technological improvements of the semiconductor process in recent days, excellent 
APDs for electrons are available. In the fourth Short Communication, the mechanism of 
APDs as a particle detector and its latest results are reviewed. 





Research and Review Studies 




In: Integrated Circuits, Photodiodes... 
Editors: R. Mclntire and P. Donnell, pp. 3-44 


ISBN: 978-1-60692-660-4 
© 2009 Nova Science Publishers, Inc. 


Chapter 1 


Metamaterials Technology: Application 
to Radiofrequency and Microwave Circuits 


Ferran Martin and Jordi Bonache 

GEMMA/CIMITEC, Departament d’Enginyeria Electronica 
Universitat Autonoma de Barcelona, 08193 BELLATERRA (Barcelona), Spain 


Abstract 

Recently, metamaterials technology has emerged as a novel approach for the design of 
radiofrequency and microwave components and circuits. Metamaterials are artificial 
materials, made of small size inclusions (or “atoms”), whose electromagnetic properties can 
be tailored to some extent, and rather than depending on the composition, these properties 
depend on the arrangement of the constitutive elements. Thus, for instance, it is possible to 
synthesize artificial media exhibiting a negative effective magnetic permeability and dielectric 
permittivity with non-magnetic metallic particles etched on a dielectric slab. Media with such 
properties (negative permeability and permittivity) are not present among natural materials. 
These controllable properties can be achieved by designing the structures with electrically 
small inclusions, so that effective media properties are obtained. Metamaterials are of interest 
in many areas. For instance, it has been recently demonstrated the possibility of implementing 
invisible cloaks for microwave radiation. However, one of the main areas where 
metamaterials are of major interest is in RF/microwave engineering. The small size of the unit 
cells and the controllable properties, are very interesting for the design of planar components 
with small dimensions and high performance. Also, it is possible to design devices based on 
new functionalities, multiband components and circuits with enhanced operative bandwidths. 
These metamaterial based design techniques can be applied in a wide range of frequencies, 
from RF up to millimetre wave circuits. Several prototype devices (filters, diplexers, power 
dividers, couplers, and reconfigurable components) in planar technology, illustrative of the 
possibilities of the approach, will be presented. This will include realizations in PCB and also 
in advance microelectronics technologies, such as RF-MEMS and MCM-D technologies. 


E-mail address: Ferran.Martin@uab.es 
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1. Introduction to Metamaterials 

Metamaterials are artificial structures made of a periodic (or quasi-periodic) arrangement 
of electrically small inclusions (or “atoms”), whose electromagnetic (or optical) properties 
can be controlled to some extent. The dimensions of the inclusions (usually consisting on 
metals, dielectrics and or metallic patterns etched on a dielectric slab) are small as compared 
to signal wavelength at the frequencies of interest. This means that the radiation interacting 
with the artificial media “sees” it as a continuous medium, and effective media properties 
arise. Indeed, the achievable properties of metamaterials are dependent on the shape of the 
inclusions, rather than on its composition. To better understand this, let us consider the 
artificial medium proposed by Smith and co-workers in 2000 (see Figure 1) [1]. It consists on 
a combination of metallic posts and split ring resonators etched on a dielectric slab (we will 
consider these resonators in more detail later). If this structure is illuminated with microwave 
radiation polarized with the electric field parallel to the posts and the magnetic filed axial to 
the rings, there exists a certain region of the electromagnetic spectrum, above the resonance 
frequency of the rings, where the effective magnetic permeability, Heff> and dielectric 
permittivity, s e ff, are both negative. That is, certain magnetic activity is achieved with the use 
of non-magnetic resonant particles, and, more surprisingly, the constitutive parameters of the 
medium, s e jf and ju e ff, are both negative, something not present among any natural know 
material. The artificial medium of Smith is considered to be the first bulk metamaterial 
exhibiting backward wave propagation, that is wave propagation opposite to the direction of 
the energy flow, or propagation with antiparallel phase and group velocities. This anti¬ 
parallelism between the phase and group velocities is consequence of the simultaneous 
negative sign of the effective permeability and permittivity. As already anticipated by 
Veselago 40 years ago [2], substances with s e ff <0 and ju e ff <0 are transparent media (such as 
those with positive values of permeability and permittivity), but they exhibit backward wave 
propagation. Such media are also called left handed media, negative refractive index media (a 
property that arises from the negative sign of the constitutive parameters), or double negative 
media. The term left handed media comes from the fact that in structures with negative 
constitutive parameters, the propagating vector, k, the magnetic field vector H and the electric 
field vector E, form a left handed triplet, as opposite to the right handed triplet that results in 
conventional dielectrics with positive parameters (see Figure 2). This directly comes from 
Maxwell’s first order differential equations: 


V x E = -j cojliH 

(i) 

V x H - jcosE 

(2) 

For plane waves, the above equations reduce to: 


kxE- ojjliH 

(3) 


kx H = -cosE 


( 4 ) 
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and it is apparent that depending on the sign of s e ff and ju e f^ a left handed or a right handed 
triplet for k, H and E results. Since the Pointing vector S, and hence the group velocity, form 
a right handed triad with H and E, it follows the abovementioned different sign of the phase 
and group velocities in left handed media. 



Figure 1. First artificial left handed medium proposed by Smith et al. Photo courtesy by D.R. Smith. 



Figure 2. Illustration of the systems of vectors E, H, k and S for a plane transverse electromagnetic 
(TEM) wave in an ordinary (left) and left handed (right) medium. 

Although the synthesis of the first left handed metamaterial (Figure 1) represented the 
beginning of the Metamaterials Science and Technology, such structure is highly anisotropic, 
and exhibits these “exotic” properties in a very narrow band. The present challenges in 
metamaterials research are the development of isotropic three dimensional metamaterials, 
operating in wide bands, and including the optical range of the electromagnetic spectrum. We 
recommend those readers interested on metamaterials several recent books co-authored by 
researchers very active in the field [3-8]. In such books, not only the application of 
metamaterials to RF and microwave circuit design are considered, but also many other 
potential applications of metamaterials, as well as the recent advances in the field. We would 
like to explicitly comment the high impact that the seminal work by Schurig et al. [9] on 
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invisibility has caused on the Scientific Community, with an increasing number of Groups 
worldwide working on this stimulating topic. 


2. Metamaterials in Planar Technology: 
Metamaterial Transmission Lines 

The structure of Figure 1 is a volumetric structure, but it is a one-dimensional 
metamaterial. Namely it exhibits left handed wave propagation for a specific direction of the 
propagating vector (or polarization of the magnetic and electric fields). One dimensional 
metamaterials in planar technology, or one-dimensional planar metamaterials, are of interest 
in radiofrequency (RF) and microwave engineering since the controllability of the 
electromagnetic properties of such structures opens the door to many circuits and devices 
with superior performance or based on novel functionalities. Also, due to the small size of the 
metamaterial inclusions, the potentiality on miniaturization is evident. Such one-dimensional 
planar metamaterials are referred to as metamaterial transmission lines, or “metalines” from 
now on, and they have found many applications that will be highlighted along this chapter. 
Before introducing the techniques for the synthesis of such lines, let as discuss briefly the 
meaning of the term metaline. Obviously, metalines are artificial lines, not artificial media. In 
these lines, the relevant aspect is neither the homogeneity nor the periodicity, but the 
controllability of the electromagnetic properties. These are the phase constant and the 
characteristic impedance, rather than the effective permeability and permittivity (in spite that 
these latter parameters can be defined and are related to the former). This is an important 
aspect to highlight because metamaterials are usually comprised of a high number of unit 
cells. Metalines can be also comprised of a high number of unit cells, but this condition is not 
actually necessary. Indeed, metalines can be implemented by means of a single unit cell. 

2.1. The Dual Transmission Line Concept 

There are two main approaches to the synthesis of metamaterial transmission lines: (i) the 
dual line concept and [10-12] (ii) the resonant type approach [13,14]. The former approach is 
based on the circuit dual of the transmission line model of a conventional line. This model 
consists on a cascade of series capacitances alternating with shunt connected inductances, as 
Figure 3 illustrates (the model of a conventional line is also included in Figure 3). Both 
transmission line models support propagating waves in a limited region of the 
electromagnetic spectrum, which is given by that frequency range that gives real solution to 
the phase constant, /3,[ given by: 


cos /?/ = 1 + 


Z s ja>) 

Z p (oj) 



where / is the unit cell length and Z s and Z p are the series and shunt impedances of the unit 
cell of the T-circuit model of the transmission lines. The characteristic impedance is given by: 
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Z b =JZ s (g>)[Z s (g>) + 2Z p (<d)] 



For the dual transmission line model, the dispersion relation and characteristic impedance 
are: 




7 = 

^ BL 


= 1 


1 

ILCco 2 
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V 
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(7) 

( 8 ) 


whereas for the model of a conventional line: 


cos P R l = 1 


LC 2 

- CO 

2 








where co c r=2/(LC) 112 and co c i=l/2(LC) l/2 are angular cut-off frequencies and the sub-indices L 
and R are used to distinguish between the left handed -backward wave- and right handed - 
forward wave- structures. Such dispersion diagrams as well as the characteristic impedances 
are depicted in Figure 4. It is worth mentioning that frequency dispersion is present in both 
structures. Even though the circuit of Figure 3(b) models an ideal lossless forward 
transmission line, where dispersion is absent, actually this circuit is only valid for frequencies 
satisfying co « co c r , i.e., in the long wavelength limit (corresponding to those frequencies 
where wavelength for guided waves satisfies, A g » /, i.e. homogeneity conditions). To 
correctly model an ideal lossless transmission line at higher frequencies, we simply need to 
reduce the period of the structure, and accordingly the per-section inductance and capacitance 
of the line, L and C, with the result of a higher cut-off frequency. Thus, the lumped element 
T-circuit model can properly describe ideal transmission lines without dispersion. To this end 
we simply need to select the period such that the long wavelength limit approximation holds. 
Under this approximation, expressions (9) and (10) become: 

p. R = co4lTc (ii) 


and 




(12) 
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where L ’ and C ’ are the per-unit length inductance and capacitance of the transmission line 
(in expression 12, L’ and C’ can be replaced by L and C with no effect). From (11), the phase 
and group velocities of the forward transmission line are found to be: 


_ co _ 1 _ / 

pR j3 r VFc 7 4lc 



and they are both positive and constant. 





(c) 1C 1C 

•— II —i— II - 



Figure 3. Equivalent circuit model of a backward (a) and forward (b) transmission lines. The T-circuit 
models of the basic cell structures are also indicated in (c) and (d). 

For the left handed transmission line, dispersion is even present in the long wavelength 
limit (where homogeneity is satisfied), which in this case is obtained for frequencies 
satisfying co»co cL . Under this approximation the following results are obtained: 


fij = 

l 

(15) 

co^LC 

II 

<1 

N 

[T 


ic = /w 

(16) 

II 

a 

ii 

s 

-co 2 i4lc < 0 

(17) 
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= +a> 2 i4lc> 0 


and the phase and group velocities have opposite signs. 







Figure 4. Typical dispersion diagram of a forward (a) and backward (b) transmission line model. The 
dependence of the normalized (Z B IZ hv ) characteristic impedance with frequency is shown in (c) and (d) 
for the forward and backward lines, respectively. 

In the backward and forward transmission lines depicted in Figure 3, it is possible to 
identify effective constitutive parameters. To this end, we should take into account that 
transverse electromagnetic (TEM) wave propagation in planar transmission media and plane 
wave propagation in isotropic and homogeneous dielectrics are described by identical 
equations (telegraphist’s equation) provided the following mapping holds: 

Z'(co) = jco Beff (19) 


Y p \co) = j cos eff 


(20) 
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where Z’ s and Y’ p are the series impedance and shunt admittance per unit length. Thus, for the 
forward line the effective permittivity and permeability are constant and they are given by: 


s eff =C/l 


( 21 ) 


Veff 


= lh 


( 22 ) 


whereas for the backward transmission line, the constitutive parameters are: 


£eff ~ co 2 LI 


(23) 


Veff 


a 2 Cl 


(24) 


and they are both negative, a sufficient condition to obtain left handed wave propagation. 


2.2. CL-Loaded Lines: The Composite Right/Left Handed Transmission 
Line Concept 

The implementation of dual lines in planar technology can be done in microstrip or 
coplanar waveguide (CPW) structures, as Figure 5 illustrates. The host line may play a role so 
that an accurate model of the structures of Figure 5 must account for the line parameters. 
Thus, the T-circuit model of the unit cell of these transmission lines is that depicted in Figure 
6. At low frequencies, the loading elements (C/ and L l ) are dominant and wave propagation is 
backward. However, at high frequencies, line parameters (. L R and Cr ) are dominant and 
forward wave transmission arises. The dispersion relation and the characteristic impedance of 
these composite right/left handed (CRLH) [15] metalines lines are (from 5 and 6): 



where the following variables 
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and the series and shunt resonance frequencies 








have been introduced to simplify the mathematical formulas. Expressions (25) and (26) are 
depicted in Figure 7. The left handed and right handed band can be easily identified. The gap 
in between such transmission bands is delimited by the following frequencies: 


®G1 = min K , (Op ) 

(31) 

co G1 = max(® s , 0J p ) 

(32) 


(a) ■■■■■■■■■■ 


IIIIIXXII 





Figure 5. Typical topologies (top view) of CL-loaded metamaterial transmission lines, (a) CPW 
structure loaded with shunt strips and series gaps; (b) microstrip structure loaded with vias and series 
gaps; (c) microstrip structure loaded with grounded stubs and interdigital capacitors. In the microstrip 
structures (b and c), the ground plane is not shown. 
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L r /2 2 C l 2C l L r /2 



Figure 6. Equivalent circuit model (basic cell) of the CRLH transmission line. 




Figure 7. Typical dispersion diagram (a) and variation of Bloch impedance with frequency (b) in a 
CRLH transmission line model. In this example, co s <co p . 
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In the long wavelength limit, expression (25) rewrites as: 



s(co) 
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where is the following sign function: 





cd < min(^, cd ? ) 

co > ma x(co s , co p ) 




From the phase constant (equation 33), the phase and group velocities can be easily 
inferred, these velocities being of opposite sign in the left handed band and both being 
positive in the right handed band. 




Figure 8. Typical dispersion diagram (a) and variation of Bloch impedance with frequency (b) in a 
balanced CRLH transmission line. 
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With regard to the constitutive parameters for the CRLH transmission line, they can be 
inferred as previously indicated, i.e.: 



and they can be positive or negative, depending on the frequency range. 

One particular case of interest is the balanced case, where the series and shunt resonance 
coincide and the gap collapses. In this case there is a continuous transition between the left 
handed and the right handed bands, and the group velocity is finite at the so called transition 
frequency co 0 =cq s =co p . It is worth mentioning that the characteristic impedance varies very 
smoothly in the vicinity of the transition frequency, where it takes the maximum value given 
by: 



The typical dispersion diagram and characteristic impedance of a balanced CRLH line are 
depicted in Figure 8. 


2.3. Resonant Type Metamaterial Transmission Lines 

Resonant type metamaterial transmission lines are artificial lines consisting on a host line 
loaded with split ring resonators, SRRs (formerly proposed by Pendry [16]), or with 
complementary split ring resonators, CSRRs (first introduced by Falcone [17]). Many other 
resonator topologies, based on the SRR or CSRR, have been also considered for the 
implementation of metamaterial transmission lines [6]. The first left handed line implemented 
by means of SRRs [13] is depicted in Figure 9. It is a CPW with SRRs etched in the back 
substrate side and shunt connected strips. The SRRs provide a negative effective permeability 
in a narrow band above their resonance frequency, whereas the strips act as shunt connected 
inductances, thus providing a negative value of the effective permittivity up to a cut-off 
frequency. Alternatively left handed transmission lines can be implemented by loading a 
microstrip line with CSRRs (etched in the ground plane) and series capacitive gaps [14]. The 
first reported structure is depicted in Figure 10. In this case, the CSRR are responsible for the 
negative effective permittivity in the vicinity of the resonance frequency, and the series gaps 
introduce the required negative permeability. 
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Copyright 2003, American Institute of Physics. 

Figure 9. First left handed line implemented by loading a CPW with shunt strips and SRRs (a) and 
measured frequency response (b). Reprinted with permission from [13]. 


<*) 




Figure 10. First left handed line implemented by loading a microstrip line with series gaps and CSRRs 
(a) and measured frequency response (b). 

























16 


Ferran Martin and Jordi Bonache 


As it has been previously mentioned, an array of SRRs provides a negative effective 
permeability if the incident radiation is polarized with the magnetic field in the axial 
direction. In the vicinity of resonance, currents are induced in the rings that are closed 
through the distributed (edge) capacitance between the concentric rings. Thus, the SRRs can 
be modelled by means of a closed resonant tank (see Figure 11) that can be magnetically 
excited (indeed, the SRR can be also excited by means of a time varying electric field applied 
in the plane of the particle, but this mode of excitation does not apply in the structure of 
Figure 9). SRRs are electrically small particles because these resonators can be considered as 
composed of a pair of highly coupled (through the edge capacitance) rings. Indeed, the 
particle exhibits multiple resonances, but the first resonance can be made small by decreasing 
the distance between the concentric rings. This enhances the coupling and hence decreases the 
first resonance frequency. In practice, the electrical size of the particle is limited by the 
minimum distance between concentric rings that can be achieved by means of the technology 
in use. The first resonance is the resonance of interest because it is at this resonance that the 
particle is electrically small. On the other hand, above the resonance frequency, the magnetic 
field generated by the induced currents in the particles is opposite to the external magnetic 
field. For this reason, the effective magnetic permeability is negative in a certain band above 
resonance. An exhaustive analysis of SRRs can be found in [18-20]. 



Figure 11. Topology and equivalent circuit model of the SRR (a) and CSRR (b). 

Concerning CSRRs, this particle is a useful building block for the synthesis of negative 
permittivity media. The CSRR is the dual counterpart of the SRR, and this particle can be 
excited by means of an axial electric field, rather than magnetic field. This particle can be also 
modelled by means of a resonant tank, such as Figure 11 illustrates, and the resonance 
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frequency of SRRs and CSRRs of identical dimensions are roughly the same. These 
resonance frequencies are identical if the particles are perfect duals [19]. In practice, however, 
this is not possible due to the finite width and conductivity of the metal layer (for this reason 
these particles have been called complementary split ring resonators, rather than dual split 
ring resonators). 



Figure 12. Lumped element equivalent circuit model (unit cell) for the left handed lines loaded with 
CSRRs. The circuit (a) can be transformed to circuit (b) as explained in the text. 

Let us now analyze in certain detail the CSRR-based metalines since most of the results 
presented later are based on such lines (an exhaustive analysis of SRR-based metalines can be 
found in [6]). The equivalent circuit model (unit cell) of a microstrip line loaded with series 
gaps and CSRRs is depicted in Figure 12(a) [21]. In this circuit model, C s is the series 
capacitance of the gap or interdigital capacitor, Cf is the fringing capacitance, Q is the line 
capacitance, L is the line inductance, and the CSRR is described by the resonant tank L c -C c . 
This circuit can be transformed to the circuit shown in Figure 12(b), where the following 
transformations apply: 


C = 2C + C 

g s par 


C = 


C (2 C +C ) 

par v s par / 




(39) 
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with C par = CL+Cf. Notice that the circuit depicted in Figure 12(b) is the formerly proposed 
circuit of CSRR-loaded lines [19]. Such circuit is correct, but the interpretation of some of the 
parameters was inaccurate. Thus, C g actually accounts for the series capacitance plus the 
capacitance of the line and the fringing capacitance, and C, the coupling capacitance, depends 
also on the series capacitance. Indeed, this capacitance can be very large if the gap is wide, as 
has been verified [22]. Notice that in the limit where C s is large (as compared to C par ), C g and 
C have the interpretation given in [19], but these conditions are not easily achievable in 
practice. 

The model of Figure 12(b) is very similar to the model of Figure 6. CSRR-loaded lines 
do also exhibit CRLH behaviour and, as occurs in SRR loaded lines, these lines exhibit a 
transmission zero to the left of the left handed band [23]. The dispersion relation and the 
characteristic impedance of these CSRR-based CRLH lines are (from 5 and 6): 
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where co s and co p are the series and shunt resonance, respectively. By forcing the balance 
condition, that is, cd s =cd p =cd 0 , the gap between the left handed and the right handed region 
disappears, and the characteristic impedance exhibits continuity in the vicinity of the 
transition frequency co 0 (notice however that the maximum value of the characteristic 
impedance is slightly shifted to the right of co 0 ). By balancing the line, the structure may 
exhibit a very broadband [23]. This, combined with the presence of a transmission zero, has 
been used for the design of ultra wide band filters [24,25]. Figure 13(a) depicts the layout of a 
unit cell CSRR-loaded CRLH microstrip line that has been designed to be balanced. The 
measured and simulated dispersion, shown in Figure 13(b), reveals that the structure is 
roughly balanced (perfect balance is difficult to achieve in practice). The transmission 
coefficient is depicted in Figure 13(c). As expected, a broad band that includes the left handed 
and the right handed region, and a sharp cut-off at the lower band edge are obtained. Other 
unbalanced CSRR-loaded CRLH lines have been reported in the recent literature, and it has 
been shown that the model of Figure 10 describes accurately the frequency response up to the 
second band [26]. 
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Reprinted with permission from [23]. Copyright 2007, IEEE. 

Figure 13. Balanced CRLH cell based on a microstrip line loaded with CSRRs (a), dispersion diagram 
(b) and frequency response (c). The structure has been implemented in Rogers RO3010 substrate with 
dielectric constant £=10.2 and thickness h= 1.27mm. Dimensions are: line width IT 7? =0.8mm, internal 
radius r=6.3mm, ring width c=0.4mm and ring separation d= 0.2mm; the interdigital capacitor, formed 
by 28 fingers separated 0.16mm, has been used to achieve the required capacitance value. 

To end this section we would like to mention that SRR-loaded and CSRR-loaded 
metamaterial transmission lines exhibit a very similar behaviour. It has been found that the 
effect of varying the strip width in SRR-loaded CPWs is the same as varying the gap width in 
CSRR-loaded microstrip lines. This is not actually surprising since these lines are roughly 
dual, and their equivalent circuits are formally circuit duals. This aspect is discussed in [27]. 
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3. Applications of Metamaterial Transmission Lines 

In this section, several applications of metamaterial transmission lines are pointed out. 
This includes the design of compact and reconfigurable filters, and other metamaterial-based 
microwave components that exhibit certain advantages as compared to conventional 
implementations, thanks to the controllability of the electrical characteristics of metalines. We 
will focus on the resonant type approach of metalines, and more specifically in CSRR-based 
lines. Implementations in low loss microwave substrates (PCB substrates) as well as in 
advanced microelectronic technologies (MCM-D and RF-MEMS) will be presented. 

3.1. Metamaterial Filters 

As long as metamaterial transmission lines are frequency selective structures by nature, 
their application to filters is straightforward. The main benefit of metamaterial-based filters is 
their size, which can be made very small on account of the small size of CSRRs (or SRRs). 
The possibility of synthesizing filters exhibiting wide and ultra wide pass bands, as well as 
spurious suppression are additional capabilities of metamaterial-based filters. 

3.1.1. Stop Band Filters: Application to Spurious Suppression in Conventional 

Filters 

Let us start by considering the synthesis of stop band filters based on CSRRs. This can be 
achieved by etching CSRRs in the ground plane of a microstrip line, where the electric field is 
axial to the rings, or either in the ground plane or in the central strip of a CPW structure. At 
the resonance frequency, the rings are excited, and the injected power is returned back to the 
source. Actually, inspection of the circuit model of Figure 12 indicates that there is a 
transmission zero at that frequency that nulls the shunt impedance. 

If the series gap is absent the structure behaves as a stop band filter centred at the 
transmission zero frequency. In order to enhance the bandwidth, we can etch different CSRRs 
tuned at different, but close, frequencies within the desired gap. This technique has been 
demonstrated to provide wide stop bands [28,29], and it has been used for the elimination of 
spurious bands in conventional filters, as Figure 14 illustrates. The idea is as simple as 
etching slightly different tuned CSRRs covering the spurious band to be eliminated. Other 
conventional filters with spurious suppression by using metamaterial resonators have also 
been reported [30,31]. 

It is also possible to design stop band or notch filters with tuning capability. To this end, 
we need a tuning element such as a variable capacitance. This variable capacitance can be 
implemented by means of varactor diodes. Thus, by introducing a varactor diode in either the 
SRR or the CSRR topology, we can obtain tunable notch or stop band filters (see references 
[32-34] for further details). Another possibility is to combine CSRRs with RF-MEMS (micro- 
electro-mechanical-systems) in a CPW structure [35]. This technique is illustrated in Figure 
15, where a tunable stop band filter at Q-band with 20% tuning range is depicted. This 
structure has been fabricated at IMEC’s Facilities, and it consists on a periodic array of 
CSRRs etched in the central strip of a 50 Q CPW transmission line, with MEMS bridges on 
top of the CSRRs. The MEMS devices implemented in the CSRRs uses an electrically 
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floating bridge anchored directly on the substrate in holes of the CPW ground planes. The 
position of the bridge is controlled through an actuation voltage and it modifies the electrical 
characteristics (resonance frequency) of the CSRRs, with the result of certain tuning (see 
Figure 15 and [35] for further details). 




Frequency (GHz) 



1 2 3 4 5 

F req ue n cy (G H z) 


Reprinted with permission from [28]. Copyright 2005, IEEE. 


Figure 14. (a) CSRR coupled line band pass filter in CPW technology; (b) simulated frequency 
response compared to that obtained in the device without rings, and (c) measured frequency responses. 
The device has been fabricated on the Rogers RO3010 substrate (thickness h= 1.27mm, dielectric 
constant e = 10.2). 
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Reprinted with permission from [35]. Copyright 2007, IET. 


Figure 15. (a) Cross section of the microstirp lines loaded with CSRRs and RF-MEMS bridges, (b) 
designed tunable stop-band filter, (c) microphotograph of the fabricated filter, (d) measured and 
simulated insertion losses and (e) measured and simulated return losses. The simulations have been 
done by considering plate heights of 0.5pm and 2pm for the down and up-state, respectively. 


















































Metamaterials Technology: Application to Radiofrequency and Microwave Circuits 23 


3.1.2. Narrow Band Pass Filters and Diplexers 

Narrow band pass filters and diplexers can be implemented by means of the alternate 
right/left handed (ARLH) concept. It consists on cascading left handed and right handed cells 
alternating. Notice that this concept is different than the CRLH concept introduced before. 
We have previously discussed how to implement left handed (actually CRLH) artificial lines 
with CSRRs. To implement right handed lines by means of CSRRs, we have to replace the 
series gaps with shunt connected inductors (grounded stubs). A typical layout and dispersion 
diagram of these right handed lines based on CSRR is depicted in Figure 16. As can be seen 
two right handed bands do appear, although the interest is the operation in the first band, 
where the structure is electrically small 1 . One key aspect of the right handed cells is the fact 
that they exhibit a transmission zero above the first right handed band. Thus, by combining 
left handed and right handed cells, designed to exhibit the pass band of interest at the same 
frequency, we can obtain high frequency selectivity thanks to the presence of a transmission 
zero below and above the filter band. This idea has been implemented for the design of 
narrow band pass filters based on CSRRs [36] and also for the design of diplexers [37]. The 
designed diplexer is depicted in Figure 17, where the receiver (Rx) and transmitter (Tx) filters 
are cascaded at the output ports of a Y-junction. The main relevant parameters representative 


L/2 L/2 



Figure 16. T-circuit of a right handed cell implemented by means of CSRRs (a) and typical dispersion 
diagram (b). 


1 Notice that in the left handed cells, the interest is also in the first (left handed) band, not in the right handed band, 
present at higher frequency, but where the structures is not electrically small. 
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of diplexer performance are in-band looses for the Tx and Rx channels (which should be as 
small as possible) and Rx/Tx isolation (which should be high to avoid interfering signals 
between the Rx and Tx channels). The device of Figure 17(a) has been designed to be 
operative in the 2.4GHz-3.0GHz frequency band. The Tx and Rx filters implemented by 
means of CSRR-based ARLH microstrip lines have been designed to provide pass bands 
centered at 2.4GHz and 3.0GHz, respectively, with absolute bandwidths of 0.25GHz (namely 
10.3% and 8 % fractional bandwidths for transmission and reception). Figure 17(b) depicts the 
measured transmission coefficient for the Tx and Rx filters (i.e., S 21 and S 31 , respectively), as 
well as the measured Rx/Tx isolation (S 32 ). In-band losses lower than 2dB are measured for 
either filter, while return losses (also represented in Figure 17b) are better than lOdB. The 
frequency response of the filters is quite symmetric and the measured isolation between ports 
2 and 3 is in the vicinity of 40dB. Remarkable are also the dimensions of the diplexer (see the 
region indicated in Figure 17a), which are as small as 29.8mmx 16.3mm (namely 
0.63/1x0.34/1, X being signal wavelength at the Tx frequency) thanks to the compact 
resonators employed. 


Copyright 2005, IET. 
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Figure 17. Topology of the fabricated diplexer. The upper metal level is depicted in grey, whereas the 
lower metal is drawn in black. Gap spacing is 1.33mm and 1.67mm for the Rx and Tx filters 
respectively, whereas shunt strip dimensions are 4.54mmxl 1.9mm and 5.70mmx 14.48mm. External 
CSRR radius are 2.18mm, 2.73mm, 2.56mm and 3.27mm for the Rx (1 st stage), Rx (2 nd stage), Tx (1 st 
stage), and Tx (2 nd stage), respectively. The measured insertion and return losses of the Rx and Tx 
filters and Rx/Tx isolation are also indicated. Reprinted with permission from [37]. 


2 Notice that in the right handed sections of the Rx and Tx filters, two CSRRs are used. The reason is the moderate 
bandwidth (rather than narrow) of either filter. To achieve such bandwidths, it is necessary to implement unit 
cells also with moderate 3dB bandwidths. For the forward sections, this is more easily achieved by using two 
CSRRs, rather than only one. 
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3.1.3. Wide and Ultra Wide Band (UWB) Pass Filters 

For the design of wide and ultrawide band pass filters we can make use of balanced 
CSRR-based CRLH lines, as that depicted in Figure 13. Actually, these structures can be 
considered as high pass filters, since we do not have control on the position of the upper band 
edge. To limit the bandwidth, we can add electrically small resonators to the structure tuned 
at the desired upper limit of the pass band. Following this idea, we have designed several 
prototype devices [38]. One of them is depicted in Figure 18. This is an UWB pass filter 
designed to cover the standard band (3.1GHz-10.6GHz) defined by the Federal 
Communication Commission (FCC) for UWB communications. However, in the design of 
the filter of Figure 18, we have also included additional elements in order to introduce an 
attenuation pole at 5.5GHz, which may be of interest for the elimination of interfering signals 
(attenuation poles have also been introduced in other UWB pass filters implemented by 
means of different approaches [39,40]). Such elements responsible for the attenuation pole are 
the two rectangular shaped spiral resonators, whereas the two pairs of SRRs at the extremes 
have been added to limit the upper stop band. 




Frequency (GHz) 

Reprinted with permission from [38]. Copyright 2007, John Wiley. 

Figure 18. (a) Layout of the fabricated UWB band pass filter. Dimensions of the SRRs are c=0.14mm, 
d= 0.165mm C=2.1mm and h ext = 1.2 mm (l ext and h ext are the length and width of the SRRs). SRs 
provide a transmission zero at 5.5 GHz (c=0.14mm, <7=0.166mm l ext = 2.03mm and h ext =1.46 mm). The 
area of the device (dashed rectangle) is A= 1.57cm x 0.42cm = 0.66cm . CSRRs are etched on the 
ground plane (in grey), (b) Simulated (solid line) and measured (dashed line) insertion and return losses 
for the designed filters. The small graph shows the simulated response of the filter with the notch at 
4.5GHz. 
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Alternatively, for the implementation of wide band filters, we have considered the hybrid 
cell [41], consisting on a combination of CSRRs series gaps and shunt stub, as Figure 19 
illustrates. Such unit cell exhibits a transmission zero above the pass band of interest, and it 
can be designed to be balanced. It has been applied to the design of periodic structures based 
on them. The top result achieved by the authors has been the design of a wide band filter 
covering at least the band 4GHz-6GHz, exhibiting 80dB rejection in the vicinity of 2GHz, 
and smaller dimensions than 1cm 2 [24]. The device and its performance are depicted in Figure 
19. 
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Reprinted with permission from [24]. Copyright 2007, IEEE. 

Figure 19. (a) Topology of the hybrid cell and equivalent T-circuit model (where the series inductance 
has been neglected); (b) layout of the fabricated filter, formed by cascading four balanced hybrid cells; 
(c) Simulated (dashed line) and measured (solid line) frequency response. The metallic parts are 
depicted in black in the top layer, and in grey in the bottom layer. The rings are etched on the bottom 
layer. The dashed rectangle has an area of 1cm . Dimensions are: line width W= 0.126mm, external 
radius of the outer rings r= 1.68mm, rings width c=0.32mm and rings separation <7=0.19mm; inductor 
width is 0.10mm and the distance between the metals forming the gap is 0.4mm. 
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3.1.4. Metamaterial Based Filters Subjected to Standard Responses: 

A Design Methodology 

Based on the hybrid cell as building block for the implementation of planar filters, a 
design methodology has been developed. Following this methodology, standard frequency 
responses, such as Butterworth, Chebyshev, etc., can be implemented. An exhaustive analysis 
of this design methodology can be found in [42], but we briefly reproduce it here. This design 
methodology is based on the generalized network of a band pass filter [43], consisting on a 
cascade of admittance inverters alternating with shunt connected resonators (see Figure 20) . 
The design consists on determining the circuit parameters of the equivalent circuit model for 
either filter cell from given specifications (central frequency, fractional bandwidth and filter 
order), as well as the determination of the layout of the structure. In the structure of Figure 
19(a), the resonators and the impedance inverters are intermixed. Thus, at the central filter 
frequency, f 0 , neither the CSRRs are at resonance, nor the admittance of the shunt branch 
nulls. Nevertheless, at f 0 the phase shift and transmission coefficient between the input and 
output ports of the basic cell should be ^=90° and |S 2 i|=l, respectively. This means that at f 0 
the image impedance, Z B , should coincide with the reference impedance of the ports, which is 
usually set to Z o =50Q. If we now consider that the circuit of Figure 19(a) can be described by 
means of its T-circuit model, with series impedance Z s and shunt impedance Z /; , and we take 
into account that the phase shift and image impedance for this circuit are given by expressions 
5 (with (/)=/3l) and 6, respectively, the previous conditions lead us to Z S =-)Z 0 and Z p =)Z 0 . 
Actually, the dual solution (Z s =jZ a and Z p =-]Z 0 ) satisfies also the previous conditions on 
phase shift and impedance matching, but this solution is not compatible with the circuit of 
Figure 19(a) since the series impedance of this circuit is capacitive. Consequently, at the 
central filter frequency, the series reactance is negative (capacitive) while the shunt reactance 
(corresponding to the parallel combination of L p and the impedance of the CSRRs coupled to 
the line) is positive and, hence, inductive. According to the signs of these reactances, the filter 
structure composed of the elemental cells depicted in Figure 19 supports backward waves and 
behaves as a left handed transmission line. To determine the element values for the circuit of 
Figure 19(a), the series and shunt impedances have to be set to Z S =-]Z 0 and Z p =)Z 0 , 
respectively, at f Q . This does not univocally determine the element values for the shunt 
impedance. These values are also determined by the 3dB bandwidth of the resonators, 



(where co 0 , coj and co 2 are the central -angular- frequency and 3dB frequencies, respectively), 
and by the transmission zero, which occurs at that frequency where the shunt impedance 
reduces to zero, namely: 
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Figure 20. Generalized network of a band pass filter consisting on a cascade of shunt resonators and 
admittance inverters alternating. 

For a LC parallel resonant tank, with inductance and capacitance L eq and C eq , 
respectively, we have: 



If we consider the filter structure of Figure 20, where the L and C values come from the 
low pass filter prototype by frequency and element transformation according to [43]: 
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and (45) and (46) are introduced in (44), the following expression for resonator bandwidths 
results: 



2 FBW 

gi 



where g/’s are the element values of the low pass filter prototype (which depend on the 
specific filter approximation and can be inferred from published tables) and A/ is the 3dB 
bandwidth of the resonators. According to expression (47), A/ is proportional to the fractional 
bandwidth, FBW, and hence it is determined from the required bandwidth of the filter. 
Obviously, A* is also dependent on g t and it is therefore determined by the type of response 
and order. Once A/ are known, we can force the frequencies a>j and a >2 to be equidistant from 
the central filter frequency. At these frequencies, under the assumption that Z s ( co) does not 
substantially vary along the pass band, the shunt impedance of the unit cell becomes Z p =)ZJ2 
and infinity, respectively, while, as has been previously indicated, Z p =]Z 0 at co 0 . These 
conditions can be expressed as: 
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The previous approximation (which is valid for narrow and moderate bandwidths) leads 
us to simple analytical expressions (equations (48) and (49)). If this approximation is not 
applied, then the conditions arising from the 3dB frequencies are not mathematically simple. 
Solution of equations (48)-(50) and (43) leads us to the parameters of the shunt reactance, 
while the series capacitance is given by: 



1 


2Z 0 <y 0 



The criterion to set the transmission zero frequency, f z , obeys to a compromise between the 
need to obtain a sharp transition in the upper band edge, and the convenience to far the 
spurious responses as much as possible, and thus optimize the out-of-band performance of the 
filter. 

Let us now consider two illustrative examples of this approach. The first one [42] 
consists on a band pass filter based on a periodic repetition of the basic cell. The 
specifications are as follows: order 3, central frequency / ) =lGHz and fractional bandwidth 
FBW= 10%. Obviously, due to periodicity, all resonators must have the same A, and 
accordingly the same g. To obtain the value of g, an order-3 low pass filter prototype with 
identical element values has been considered, and it has been forced to exhibit the 3dB cutoff 
at the normalized &>=lrad/s angular frequency. From this, it is obtained g=1.521; hence the 
3dB bandwidth of the resonators, A, is perfectly determined. From the previously explained 
procedure, the element values of the equivalent circuit model have been obtained. They are 
identical for the three filter cells and are depicted in table 4.1. The filter layout and the 
frequency response are depicted in Figure 21 (the parameters of the Rogers RO3010 substrate 
have been used - thickness h= 1.27mm, dielectric constant s r =10.2). 

Table 1. Element Values Of The Equivalent Circuit Model For The Filter Of Figure 21. 


C g (pF) 

L p (nH) 

C(pF) 

C c (pF) 

L c (nH) 

1.59 

1.33 

12.33 

21.7 

0.23 
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Copyright 2006, IEEE. 

Figure 21. Layout of the fabricated periodic filter (a), simulated (b) and measured (c) insertion and 
return losses. Total device length excluding access lines is 4.56 cm. In (b), the simulated insertion 
losses for a conventional order-3 coupled line filter with similar performance are depicted (dashed line). 
Reprinted with permission from [42]. 


The second filter is an order-2 band pass filter at K-band implemented in IMEC's high- 
resistivity silicon (HRSi) MCM-D technology [44], consisting of alternating layers of BCB 
(benzo-cyclobutene, dielectric constant £>=2.65) and Cu metallizations, deposited on a HRSi 
carrier substrate (p > 9KQcm). The technology has 3 metal layers: metal-1 (Ml, 1pm thick 
Al), metal-2 (M2, 5pm thick Cu) and metal-3 (M3, 5pm thick Cu/Ni/Au). The lower BCB 
layer is 4.3pm thick and the top BCB layer is 8pm thick. Low-loss dielectrics and copper 
metallizations are used, and therefore, high quality integrated passives can be realized, such 
as low loss transmission lines and high -Q inductors [45]. High-density thin-film microstrip 
lines can also be integrated using the BCB as substrate material. In the designed filter, the 
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ground plane (where CSRRs are etched) is metal-1, whereas in metal-2 it has been defined the 
filter layout (excluding CSRRs). The central filter frequency is f 0 =\9GUz and the fractional 
bandwidth is FWB= 18%. The filter, depicted in Figure 22, is as small as 918pmx450pm, i.e., 
0.094/l g x0.045T g , where A g is the guided wavelength at f 0 . The frequency response of the 
filter is also depicted in Figure 22. 



w=450|Jjn 

f _ 



Frequency (GHz) 

Reprinted with permission from [44]. Copyright 2007, IET. 

Figure 22. (a) Photograph of the fabricated K-band filter. The slot width and the separation between 
slots in the CSRR is 15pm in both cases (total size of the CSRRs is 422pm x 314pm). The interdigital 
capacitors are formed by 8 face-to-face fingers separated 10pm. The width of these capacitors is 
314pm. The inductors, with a length of 132pm, are grounded by means of vias with a diameter of 
27pm. (b) Insertion and return losses of the fabricated filter. Measured results (bold solid line), 
simulation with perfect rings (thin dashed line) and simulation with lossy rings (thin solid line). 

To conclude this sub-section devoted to metamaterial based filters, we would like to 
highlight that the presented filters are small thanks to the small electrical size of the 
resonators employed. It has been also demonstrated that metamaterial based filters can exhibit 
broad transmission bands, including the possibility of fabricating filters with UWB bands, 
and, also, it is possible the design of filters with improved out-of-band performance through 
spurious suppression. Other metamaterial based filters can also be found in the recent 
literature [46-49]. 
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3.2. Enhanced Bandwidth Components 

Thanks to the controllability of the dispersion diagram of metamaterial transmission 
lines, such lines can be applied to the design of microwave components with wider operative 
bands, as compared to conventional (distributed) implementations. The principle for 
bandwidth enhancement is simple: the operative bandwidth of microwave components is 
given by that frequency interval where the required characteristics are satisfied within certain 
limits. In distributed circuits, bandwidth is limited by the phase shift experienced by 
transmission lines and stubs when frequency is varied from the nominal operating value. In a 
conventional transmission line of length /, the phase of the line at a certain angular frequency 
(D 0 is given by: 




where v p is the phase velocity of the line. According to the previous comment, bandwidth is 
intimately related to the derivative of (j) with frequency, also known as group delay. From this, 
it follows that the shorter the line is, the broader the bandwidth becomes. In other words, 
bandwidth is inversely proportional to the required phase of the line, which is dictated by the 
design. This means that the operative bandwidth is not an easily controllable parameter in 
conventional distributed circuits. The reason is the limited number of degrees of freedom of 
conventional transmission lines. However, in metamaterial transmission lines, the loading 
elements provide additional parameters and certain control of the phase response is expected. 
Namely, one expects that the required phase does not dictate bandwidth. However, bandwidth 
enhancement is not always possible, since, as it has been demonstrated [50], for transmission 
lines with phase shift below a certain limit, it is not possible to enhance bandwidth (the 
detailed discussion is reported in [50], but it is out of the scope of this chapter). Nevertheless, 
many devices are based on phase differences, and, in this case, the key idea is to design the 
devices by replacing the conventional lines with artificial lines, so that the dispersion of these 
lines exhibit parallel slopes in the vicinity of the design frequency (see Figure 23). Obviously, 
the characteristic impedance, frequency dependent, must be set to the required value. 

Several enhanced bandwidth components based on the resonant type approach have been 
recently proposed [51-53]. We will select one of them to illustrate the possibilities of the 
approach. It is a rat-race hybrid coupler [51]. A typical layout of the conventional 
implementation is depicted in Figure 24(a). It is essentially a 4-port device consisting on a 
1.52 ring structure (where X is the guided wavelength at the design frequency,/,) with the 
ports equally spaced in the upper half of the ring. Since the 270° (0.75A,) line section is 
formally equivalent to a -90° LH line, the conventional 0.75A, line can be substituted by a LH 
artificial line designed to provide the required characteristic impedance (70.7Q) and phase 
(-90°) at the operating frequency. This was done previously by Okabe et al. [54] by using the 
dual transmission line approach, where the host line was loaded with lumped inductors and 
capacitors in shunt and series connection, respectively. In the reported example, not only the 
270° line is replaced with an artificial -90° LH line, but also the three 90° transmission lines 
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Frequency (GHz) 


Figure 23. Illustration of bandwidth enhancement by using a conventional and a left handed 
transmission line. At the design frequency, co m the phase difference, A$, between the two lines is n, and 
this difference is roughly preserved in a wide band. 

are implemented as artificial right handed lines based on CSRRs (using the topology shown 
in Figure 16). This allows us to achieve a further controllability on the frequency dependence 
of phase in the lines, with the result of an excellent performance in terms of phase-balance. 
Moreover, the design is fully compatible with planar technology since no lumped elements 
are used. The topology of the designed rat-race is depicted in Figure 24(b), and the 
photograph of the fabricated prototype is depicted in Figure 24(c), where it is compared to the 
conventional implementation. The artificial lines have been all designed to exhibit a 
characteristic impedance of Z o =70.71Q at the design frequency (1.6GHz). The device has 
been fabricated on the Rogers RO3010 substrate with dielectric constant £,.=10.2 and 
thickness /z=635pm. The active area (excluding access lines) of the new hybrid coupler based 
on LH and RH artificial lines is 3.62cm 2 , whereas the conventional one occupies an area of 
10.33cm 2 , i.e., the meta-coupler is roughly 3 times smaller. The simulated and measured 
impedance matching, coupling and isolation for both couplers are depicted in Figure 25. In 
Figure 26, it is depicted the phase-balance for the £ and A ports, namely ^ 42 )- 4 ^ 32 ) and 
4(S4i)-4(S3i ), respectively. The CSRR-based coupler exhibits good isolation, coupling and 
matching. These magnitudes are comparable to those of the conventional device. Specifically, 
the measured power splitting between ports 3 and 4, considering the port 1 as the input port, 
exhibits similar characteristics in terms of flatness. Measured isolation and matching are 
comparable in both devices at the operating frequency (f 0 = 1.6GHz). However, phase balance 
in the CSRR-based rat-race is clearly superior than that obtained in the conventional hybrid, 
specially for the A input (see Figure 26). Namely, the phase balance variation with frequency 
is smaller in the new CSRR-based hybrid and hence the operating phase bandwidth is 
enhanced. This has been achieved thanks to an accurate control of the phase response of the 
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individual artificial lines forming the proposed coupler. The combination of dimensions and 
performance for the metamaterial-based rat-race hybrid is satisfactory. 



Figure 24. Topology of the conventional rat-race hybrid coupler (a) metamaterial-based coupler (b) and 
photograph with the comparison of both devices. The device has been fabricated on the Rogers RO3010 
substrate with dielectric constant £>=10.2 and thickness //=635pm. The active area (excluding access 
lines) of the CSRR-based hybrid coupler is 3.62cm , whereas the conventional one occupies an area of 
10.33cm 2 . 



Figure 25. Continued on next page. 
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Reprinted with permission from [51]. Copyright 2008, John Wiley. 

Figure 25. Impedance matching (S n ), coupling (S 31 , S 41 ) and isolation (S 2 i) for the CSRR-based hybrid 
coupler (a) and conventional coupler (b). The slight discrepancies between simulation and measurement 
in the conventional coupler are attributed to fabrication related tolerances. 



H- 1.25 1.50 1.75 2.00 2.25 

<] 

Frequency (GHz) 



Frequency (GHz) 

Reprinted with permission from [51]. Copyright 2008, John Wiley. 


Figure 26. Phase balance for the A (a) and £ (b) ports of the fabricated rat-race hybrids. 
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Some other works have shown the possibilities of bandwidth enhancement by using CL- 
loaded lines (see for instance the design of broadband series power dividers [55], phase 
shifters [56,57] and Wilkinson baluns [58]). 

3.3. Multiband Components 

The design of multiband metamaterial based components relies on the controllability of 
the dispersion diagram of metamaterial transmission lines. Multiband components are 
components exhibiting certain functionality at least at two arbitrary frequencies. Although 
recent works reveal that the design of up to quad-band components is potentially possible 
[59], most of the works in the recent literature have been focussed on the design of dual-band 
components. Conventional microwave components typically exhibit a periodic response and 
hence they exhibit the required functionality at the design frequency and its odd harmonics. 
However, such components cannot be considered multi-band components since the operating 
frequencies cannot be set to those values corresponding to system requirements (namely, 
arbitrariness is missing). To achieve dual-band operation, it is necessary to satisfy the phase 
and impedance requirements (for the transmission lines and stubs of the circuit) at the two 
design frequencies,/; and/. Let us consider that the required phases are fa and fa at the 
design frequencies. As can be seen in Figure 27, in general, such phases cannot 
simultaneously be satisfied. However, by using artificial lines, we can tailor the dispersion 
diagram to set the phases to the required values at the two operating frequencies (such as 
Figure 27 illustrates). One important aspect is that, contrary to conventional lines, 
metamaterial transmission lines exhibit frequency dependent characteristic impedance. Thus, 


€0 



Figure 27. Illustration of the mono-band operation of conventional lines, as compared to the possibility 
of designing dual band metamaterial transmission lines, with the required phase at arbitrary frequencies. 
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such artificial lines must be designed to satisfy also the impedance requirements at the design 
frequencies. 

For the implementation of dual-band metamaterial transmission lines, one approach is to 
cascade multiple effectively homogeneous unit cells. For instance, a balanced line in the 
vicinity of the transition frequency exhibits roughly constant (i.e., frequency independent) 
characteristic impedance. Thus, by setting this impedance to the required value and adjusting 
the slope of the dispersion diagram so that the phases of the unit cells are fy/N and ^/N at the 
design frequencies, dual-band operation can be achieved. Practical dual band components 
have been indeed implemented by cascading conventional lines (with positive phase shift) 
and backward lines implemented by means of lumped elements. As long as the phase shift per 
unit cell in the backward lines is small, the phase can be approximated by: 



where the sub-index C denotes the phase of the composite structure and N is the number of 
unit cells of the backward wave line. Following this strategy, several dual band components 
have been implemented (see for instance [49,60-62]). 

Another approach consists on implementing such dual-band artificial lines by means of a 
single unit cell, designed to satisfy the impedance and phase requirements at the operating 
frequencies. In general this approach cannot be applied, but it is useful, for instance, for the 
design of dual-band 90° transmission lines (of application in many circuits as impedance or 
admittance inverters). The key idea behind this approach is to design the line so that the lower 
frequency lies within the left handed band, and the upper frequency within the right handed 
band. According to this, we must force the electrical length and characteristic impedance to 
(jj=(j)i=- 90° and Z 5 =Z;, at the lower frequency, and ^=$2 = +90° and Z B =Z 2 at the upper 
frequency (notice that in principle we consider that the characteristic impedance can be 
different at each frequency). Let us consider the implementation of these dual-band 
impedance inverters by means of CSRR-loaded CRLH transmission lines. The lumped 
element model of the unit cell is described by means of 5 independent parameters, whereas 
the phase and impedance pairs represent 4 conditions. Thus, these parameters cannot be 
univocally determined unless an additional condition is imposed. If we force the structure to 
be balanced, that is, to exhibit a continuous transition between the left handed and right 
handed bands, the series and shunt resonance must be identical, as discussed before. Under 
these conditions the electrical parameters of the circuit model can be isolated. The following 
results are obtained: 
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with a>i=2nf] and a>2=2nf2. Inspection of equations (54)-(58) reveals that L, C g9 C c and L c are 
always positive. However, C may be negative (Z 1 >Z 2 ) or, even, C =qo for a dual-band 
impedance inverter with identical impedances ( Zj=Z 2 ). If Z 7 >Z^ (C<0), the inverter cannot be 
synthesized by means of a balanced cell described by the model of Figure 12. If Zj=Z 2 , as 
most applications require, the inverter can be synthesized by balancing the line, but 
substituting the capacitance C with an electrical short. In practice, this is not possible by using 
the cell topology shown in Figure 13(a), although this is possible through the CL-loaded 
approach. Hence, in order to implement dual-band quarter wavelength impedance inverters 
with identical impedances (at the frequencies of interest) by means of CRLH CSRR-based 
cells, such cells must be designed without the restriction of being balanced. Nevertheless, the 
circuit parameters of the series branch, L and C g are still univocally determined under the un¬ 
balance condition (namely, expressions 54 and 55 hold). The reason is simple: since the ±90° 
phases lead to Z v = -Z p at both coj and CO 2 (see expression 5), it follows from (6) that 
Zi=+]Z s (coi) and Z_?—jZ s (&>?), and expressions (54) and (55) result. The conditions involving 
the shunt branch are simply Zj=-jZ p (coj) and Z 2 =+]Z p {co 2 ). Thus, C, L c and C c are not 
univocally determined unless the structure is balanced. In general, it is convenient to design 
the dual-band impedance inverters by means of un-balanced unit cells. This provides more 
flexibility to the electrical parameters and it easies the implementation of the structure 
through the layout of Figure 13(a). Furthermore, as has been mentioned, if Z 7 =Z 2 (as usual), 
the structure must necessarily be un-balanced. 

Based on these CSRR-based CRLH transmission line impedance inverters, dual band 
components have been designed [63,64]. Let us illustrate this by means of an example 
consisting on a dual band Y-juntion power divider operating at the mobile GSM bands 
(fj= 0.9GGHz and ^2=1.8GGHz). The frequency ratio is 2, this being a good choice to 
demonstrate the possibilities of the approach. The dual band power divider has been 
implemented by using CSRRs and complementary spiral resonators (CSRs) [64]. As 
compared to CSRRs, the electrical size of CSRs is roughly one half [65]. This allows 
further size reduction. Both dual band devices are depicted in Figure 28, where it is also 
depicted the corresponding power splitting and matching. Dual band operation is 
confirmed. 

Dual band devices based on the CL-loaded approach have been also reported in various 
works [49,60-62,66,67]. 
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Reprinted with permission from [64]. Copyright 2008, IEEE. 


Figure 28. Topology of the dual-band CSR- and CSRR-based Y-junction power dividers drawn to scale 
(a), frequency response of the CSRR-based device (b) and frequency response of the CSR based device 
(c). For the CSRR-based power divider dimensions are: external radius r=7.90mm, ring width 
c=0.50mm and separation between rings <7=0.57mm. The width of the host line is W= 1.00mm and gap 
dimensions are: separation s= 0.27mm and width IT g =2.77mm. For the CSR power divider, dimensions 
are: external radius of the CSR r=3.35mm, spiral width c=0.21mm and separation <7=0.24mm. The 
width of the host line is IF=0.37mm and gap is an interdigital capacitor formed by 5 fingers separated a 
distance of 0.17mm. The Rogers RO3010 substrate with thickness h=0. 635mm and dielectric constant 
Sr= 10.2 has been used. The rectangles in dotted lines, corresponding to the active regions of the devices 
are 17.7mmx 15.8mm and 13.5mmxl 1.1mm for the CSRR- and CSR-based dividers, respectively. 
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4. Conclusion 

In conclusion, Metamaterial’s Technology is a promising technology for the design of 
novel RF and microwave components that represent an alternative to the state-of-the-art. The 
small electrical size of the constitutive building blocks of metamaterials has been 
demonstrated to be applicable to the design of compact components, while dispersion 
engineering allows for further degrees of freedom that can be useful for the design of devices 
with superior performance, such as enhanced bandwidth components, or multiband 
components. Examples of applications based on the resonant type approach of metamaterials, 
that is, by using split ring resonators (SRRs), complementary split ring resonators (CSRRs), 
or alternative topologies, have been presented. Metamaterials are compatible with advanced 
planar technologies, including low loss microwave substrates, and microelectronic 
technologies such as MCM-D and RF-MEMS. 
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Circuits and its Misconception 
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Abstract 

Reliability is a key success factor to Engineering products today, and the requirement for 
integrated circuit reliability is increasing due to increasing complexity of electronic products, 
market globalization and manufacturing outsourcing. This chapter illustrates the important of 
integrated circuit reliability and the rationale behind its “ridicules” requirement of more than 
50 years. 

Reliability test is not new to the integrated circuit manufacturers. However, there are 
several seemingly intuitive concepts in the reliability tests and test data analyses that are being 
practice in the manufacturers today are incorrect and can lead to over-estimation of product 
reliability grossly. This chapter shows the different misconceptions in the common reliability 
practices of integrated circuits manufacturers with examples. 

The purpose of this chapter is to bring awareness of these misconceptions. All these 
misconceptions can be resolved with the proper use of reliability statistics which is beyond the 
scope of this chapter. 


I. The Importance of Integrated Circuit Reliability 

Reliability is the probability that a product is operational for specified functions under 
stated operating conditions after some operation time. On the other hand, quality is the 
percentage of the production lot that conforms to the product specifications. There is no time 
factor in the quality engineering, and hence ensuring quality does not necessary ensure 
product reliability. A product can be within its specification at the start, but how long this 
product can remain within specification is a question for reliability. 

Looking at the difference between quality and reliability, it is clear that while quality 
assurance activities such as 6 sigma are beneficial to the manufacturers because it reduces 
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yield loss, it may not produce benefit to the customers. Of course, poor quality will result in 
poor reliability and it may cause many early failures of the product, good quality may not 
result in good reliability because the methodology to improve reliability is vastly different 
from the quality methodology. On the other hand, customers are experiencing the reliability 
of the products, and thus customer satisfaction should be derived from product reliability, 
including early failures. 

Electronic products are common in our daily life, and most people cannot live without an 
electronic product today. Examples of electronic products are electronic watch, radio, and 
handphone, to name a few. Our reliance on electronic products is increasingly significant. 

The more we rely on electronic products, the greater inconvenience or loss will be if the 
products are not reliable. Also, the higher the price of the product, the higher the expected 
reliability of the product will be. In fact, product reliability is increasingly important because 
of market globalization and manufacturing outsourcing. 

Through globalization, customers can purchase products easily from anywhere in the 
world, and any products that are not reliable will not be able to remain in the market for long, 
especially for products with high pricing. The internet technology enables customers’ 
complaining to be “heard” from all part of the world, and customers can compare the product 
performance, price and reliability through the internet before they purchase. 

With outsourcing, manufacturers are able to reduce the cost of production, and the price 
of the product can be reduced in order to capture a larger market. Therefore, price 
competition will be a brutal game which can result in loss-loss situation, and value 
competition should be employed in order to survive this global competition. Customers today 
make their purchasing decision based on which product offer the best value defined as[l] 

Product Value = (Customer Perceived Value)/Price 

The customer perceived value is related to the performance and reliability of the product. 
In other word, achieving high product reliability at reasonable cost is the key success factor in 
today electronic industry. 

In fact, in contrast to the common understanding, one of the key advantages of 
implementing reliability throughout the organization and at every phase of the product is that 
the product value increases due to an improved customer perception of the value of the 
product and the lower cost of production. This lower cost derives from the fact that products 
that are reliable generally have the following characteristics!!]: 

a. Higher first pass yield in test 

b. Less material scrap 

c. Less product rework 

d. Fewer field failures 

e. Reduced warranty costs 

f. Lower risk of recall 

g. Better designs that are easier to manufacture. 

Reliabilities of electronic products depend mainly on their components. Thus 
components’ reliabilities are the determining factors for product reliability. With the 
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increasing complexity of the products due to added functionality, the requirement for 
components’ reliabilities will be more stringent. This is illustrated in the following example. 

Assume a product consists of three components as shown in Figure 1, and each 
component must be operational in order for the product to function. Such a system is called 
series connected system in reliability engineering. The reliability of the product is then the 
probability that all the components are functioning. Mathematically, it is expressed as 

R p =R x xR 2 xR 3 (1) 

where R p is the product reliability, and is the respective component reliability with the 
subscript representing the component number. 



Figure 1. Series connected System with 3 components. 

If R x — R 2 — R 3 — R , R p — R 3 . Thus, if R =0.90 after one year of operation, 
R p =0.729 after one year, and it is low for a product because it represents that 37% of the 

product will fail in the first year. If R =0.95, then R p =0.86. 

With the increasing complexity of a product, the number of component will also be 
increased. Again assume all the = R , we can plot the value of R p versus the number of 

component ( n ) as in Figure 2. One can see that with the same value of R , R p decreases 

significantly with n , especially when the value of R is smaller. 

Assuming a product reliability requirement R p =0.95, R should be greater than 0.95 if n 

is 1. When n increases to 6, minimum R should be 0.99. Thus one can see clearly that the 
reliability requirement for the components will have to be increased in order to keep the same 
product reliability when n is increasing due to the increased complexity of a product. Figure 

3 shows the minimum component reliability requirement R with respect to n in order to 
have R =0.95. 

p 

While the increase in the required reliability for the components seem minimal beyond 
n = 10 in Figure 3, this is deceiving as can be seen from the corresponding increase in the 
required mean time to failure (MTTF) for the component in Figure 3. The MTTF is computed 
assuming the time to failure distribution is exponential distribution for illustration purpose. 
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From Figure 3, we can also understand the lifetime requirement for IC to be 10 years or even 
100 years though the IC and the product never need to be operated for so long the period. 



0 10 20 30 40 50 


Number of Components 


Figure 2. Product reliability with increasing complexity. Here The reliability of all the components are 
assumed to be the same. For the upper red curve, the component reliability is 0.99. For the middle 
black curve, the component reliability is 0.95. The bottom blue curve is for component reliability of 
0.90. 
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Figure 3. Required Components’ Reliability and Mean Time to Failure (MTTF) in year as a function of 
the number of components to achieve product reliability of 0.95. 
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II. Common Reliability Practices in Integrated 

Circuit Industry 

Understanding the stringent requirement for IC reliability, accelerated stress tests are 
conducted in almost all the IC manufacturers, including the wafer fabrication and IC 
assembly/packaging manufacturers. 

The purpose of the accelerated stress tests is to obtain information on the failure time of 
various failure mechanisms in a reasonable short time. With the understand of the importance 
of reliability as mentioned earlier, the purpose of the accelerated tests will translate into the 
following requirements for the tests as spelled out in the Blueprint for Product Reliability 
(RBPR-4 and RBPR-5) [2]: 

a) The failure mechanisms uncovered at higher stress must be the same failure 
mechanisms as at the normal operating levels. 

b) The stress used will accelerate the action of the failure mechanisms that are dominant 
at the normal operating condition. 

c) There is a good way to translate the lifetime data under high stress to useful data at 
the normal operating condition. In other word, the same statistical model of failure 
will be true for use at the normal and accelerated conditions 

d) Test units must be identical to the final product 

e) The stress levels do not exceed the maximum component design. 

Let us now look at the common process and product reliability tests in IC industry. 

1. Process Reliability Test in Wafer Fabrication Manufacturers 

In the wafer fabrication manufacturers, the common process reliability tests conducted 
are the following, and the detail of each test can be found in the standards quoted besides the 
list of tests. 

Take Electromigration test as an example from the tests listed in Table 1, the test is 
usually conducted at 2 different temperatures and 2 different current densities as shown in the 

test matrix in Table 2. Median time to failure t 50 is computed from each test condition, and 

the values of activation energy^ and current exponent n in the Black’s equation shown in 

Eqn (2) are determined according to JESD63. The test is done with at least 50% of the 
samples failed or at least 12 samples have failed if the sample size is below 24, according to 
ASTM F1260-96. 


t i0 =AJ~ n e~ EJ(kBT) (2) 

With reference to Eqn (2), using the ratio of t 50 , and t 50 2 , the value of n can be 

determined. Using the ratio of t 50 , and t 50 3 , the value of E a can be determined. Care must 
be taken to include the Joule heating due to the current density in such a way that actual 
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interconnect temperature should be estimated from its Temperature Coefficient of Resisvity 
(TCR) and used in the calculation. Detail of the test can be found in [3]. 


Table 1. Common Process Reliability Tests in Wafer Fabrication Plants 


S/No. 

Test 

Reference Procedures 

Interconnect Reliability 

i. 

Electromigration 

ASTM F1260-96, JESD 33-A, 
JESD37, JESD61, JESD63, JESD87 

2. 

Stress migration 

JEP139, JESD37, JESD87 

3. 

Thermal Cycling 

JESD22 

4. 

Inter/Intra-metal dielectric integrity 

JEDEC JP001.01 

Oxide Reliability 

5 

Gate oxide integrity test 

JESD35 

6 

Time Dependent Dielectric Breakdown 

JESD92 

7. 

Plasma process-induced damage 

JEDEC JPOO 1.01 

8 

Ionic contamination (BTS and TVS) 

JEDEC JPOO 1.01 

Dielectric/Si interface reliability 

9. 

Hot Carrier Injection 

JESD60, JESD28 

10. 

Negative bias temperature instability 

JESD90 

Junction reliability 

ii. 

Latch up 

JESD78 

12. 

ESD 

JESD22 


*JESD standard can be found in www.jedec.org. 


Table 2. Test Matrix for Electromigration 



Current Density J, 

Current Density J 2 

Temperature T x 

^ 50,1 

^ 50,2 

Temperature T 2 

^ 50,3 



Once the values of E a and n are determined, the t 50 at any other current density and 

temperature can be computed from Eqn (2). In this way, lifetime of an interconnect under 
normal operating condition can be determined. 


2. Product Reliability Tests in IC Assembly and Packaging Manufacturers 

In the IC assembly and packaging manufacturers, the common reliability tests conducted 
are the following, and the detail of each test can be found in the standards quoted besides the 
list of tests. 

Take the THB life test as an example. The sample size is generally 77, and the test is 
conducted at 85%RH, 85°C with the input/output pins reverse biased. At different interval of 
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test time, the devices under test will be taken out for electrical test to examine if they are still 
functional, and the number of failure is recorded at different monitoring interval. 

Table 3. Common Product Reliability Tests in IC Assembly and Packaging Plants 


S/No. 

Test 

Reference Procedures 

Hermetic Test 

i. 

Temperature-humidity-bias (THB) life test 

JESD22 

2. 

Unbiased autoclave 

JESD22 

3. 

Moisture soak 

JESD22 

Storage Test 

4. 

High temperature storage life test 

JESD22 

Operating Life Test 

5. 

Power and temperature cycling 

JESD22 

6. 

Temperature cycling 

JESD22 


*JESD standard can be found in www.jedec.org. 


Generally, there is no further analysis to the test data. The goal is to ensure zero failure 
upto 1000 hours. 

3. Highly Accelerated Stress Test (HAST) 

As technology advances, the reliability of integrated circuits is also increasing, and the 
time to failure for IC is longer with very few or even no failure generally observed during 
reliability test. With the increasing demand on reliability for ICs, HAST is now commonly 
used to assess the reliability of ICs. As the name implied, HAST applies extreme high stress 
to surface out the weakness of the component, and re-design or process change will be 
initiated until the failures observed in the HAST is no longer exist. Components that pass 
HAST is deemed as having adequate reliability to meet the reliability requirement. 

The main impetus of HAST is for product reliability improvement. It does not allow one 
to compute a reliability number. It uncovers defects and lead to product improvements. A 
shortcoming for HAST is that it has not been totally quantified by equations and theories. For 
detail on HAST, readers may refer to [1, 4] and the references therein. 


III. Misconceptions in Common Reliability Assessment 

of Integrated Circuits 

While almost all the IC manufacturers are performing reliability assessment of their ICs, 
a few common practices are however, could produce incredible reliability data. This is due to 
the misconception in some aspects of reliability data analysis which will be discussed as 
follows. 
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1. Zero Failure Represents Good Reliability 

It is intuitive to think that for two set of samples undergo same reliability test, the set with 
zero failure indicates better reliability than the other set with some failures. However, this 
may not be true all the time. Let us look at the following example. 

Assume we have two set of samples with their actual failure times as shown in Table 4 
under a given reliability test condition, and the time to failure follows Weibull distribution. 
For the discussion on the different failure distributions, readers may refer to [5]. 

If the reliability test is run for 480 hours, we will have 2 failures from sample set #1, and 
no failure from sample set #2. However, if we plot the reliability vs. time for the two set of 
samples using their actual failure times, we have Figure 4. One can easily see that the 
reliability of sample set #1 is actually more reliable than that of sample set #2.. 

In fact, with zero failure from a reliability test, there is no way to predict its lifetime and 
reliability. One cannot predict the % of failure during the life cycle of the product. It may or 
may not meet the customer specification, and there is simply no way to be sure about it. It 
takes faith to ship product with zero reliability failure to customers. 

Table 4. Actual Failure Times of Units in the two set of samples 


S/No. 

Time to Failure (hours) 

Sample set #1 

Sample set #2 

1 

109.7 

6042.8 

2 

168.83 

7221.44 

3 

903.93 

7953.01 

4 

1240.95 

8351.6 

5 

1450.37 

8791.62 

6 

1704.86 

8931.55 

7 

2150.06 

9239.77 

8 

2151.46 

9322.41 

9 

2620.3 

9605.9 

10 

2706.32 

10144.46 

11 

3115.17 

10248.35 

12 

3413.42 

11567.18 

13 

3777.57 

12192.96 

14 

4380.26 

12196.66 

15 

5009.82 

12599.67 

16 

5780.62 

12936.78 

17 

5892.4 

13198.02 

18 

5900.49 

13224.26 

19 

6285.2 

14536.72 

20 

6331.67 

14876.02 


For two set of samples with zero failure after a reliability test, it is not correct to say that 
the two sets are having equivalent reliability. An example is shown in Figure 5 where no 
failure is observed if the reliability test is terminated at 1200 hours. However, the reliability 
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of sample #2 is significantly poorer than that of sample #1, and more than 60% of the product 
will fail for sample #2 after 12000 hours of operation. Unfortunately, the above-mentioned 
zero failure comparison is a common way in industry to compare new design/process recipe 
with the present one, or to compare materials from different suppliers. 



0 5000 10000 15000 20000 

Time to Failure (hours) 


Figure 4. Reliability vs. Time for the two sets of samples with failiure times shown in Table 4. 



Time to Failure (hours) 

Figure 5. Reliability Curves for two sets of samples with zero failure up to 1200 hours. 
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2. Higher MTTF Represents Better Reliability 

Assume we have three different lot of products, and eight samples are chosen from these 
lots to perform reliability test. Their times to failure follow Weibull distribution, and their 
failure times after the reliability test are shown in Table 5. 

Table 5. Failure time of Samples from three Different Lots 



Test Lot 1 

Test Lot 2 

Test Lot 3 

Failure #1 

8664.8 

3.1 

59857.5 

Failure #2 

22439.4 

74.1 

75933.3 

Failure #3 

38713.4 

456.6 

87025.1 

Failure #4 

57981.8 

1755.2 

96272.5 

Failure #5 

82098.1 

5595.1 

105017.6 

Failure #6 

113631.4 

16533.2 

113907.9 

Failure #7 

160445.0 

52213.7 

124168.3 

Failure #8 

248891.5 

225630.0 

138573.9 


From their failure times and using the MTTF formula for the Weibull distribution, all the 
three lots have the same high MTTF of 100,000 hours. Intuitively, one might conclude that 
the three lots have the same reliability, and with their high MTTF, their reliabilities are good. 

If we plot the reliability vs. time for the three different lots based on the test failure data, 
we have Figure 6 below. One can see that their reliability are vastly different despite their 
same and high MTTF. One of them will have a lot of early failure of which 40% will fail in 
the first 3000 hours, i.e. 125 days. MTTF alone is not a good reliability index to a product. 


1.00 


o 80 
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O 40 


0 20 


0 


Reliability vs Time Plot 
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Figure 6. Reliability Curve for the three different lots. 
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3. MTTF Is the Mean Failure Time 

There is a common misunderstanding in electronic industry that t 50 = MTTF . This is 

because MTTF is the mean time to failure, and time for 50% failure is median failure time 
which is sometimes taken as mean failure time. To estimate the mean failure time, it is quite 
common to sum all the failure times in a sample set and divide by the number of failure. But 
this gives the average failure time. 

Statistically, MTTF is the expected time to failure, and t 50 is the median time to failure. 

They are not the same, and they are also not equal to the average failure time. 
MTTF= t 50 ^average failure time is true only for the familiar normal distribution or any 

statistical distribution that is symmetrical with respect to its mean value. However, in 
reliability engineering, normal distribution is just a kind of failure distribution, and most 
failure time distributions do not follow normal distribution. 

The common failure time distributions in reliability are the Weibull and Lognormal 
distribution for electronic components. For the Weibull distribution, the expression for MTTF 

and t 50 are given in the following equations which will give very different values. Here, 7J 

and P are the scale and shape parameters of a Weibull distribution, and T(.) is the gamma 
function[5]. 

f i 

MTTF = rjY 1 + — 

l P 

^50 = ^[inC 2 )] 1 ^ (4) 

Neither Eqn (3) nor (4) resembles the average time to failure. 

4. Exponential Distribution Is Sufficient to Analyze the Test Data 

Most of the closed form formulas in reliability engineering are derived based on the 
exponential distribution, a type of failure time statistical distribution. This distribution is very 
widely used in industry due to its simplicity in applications, and it is the underlying 
distribution for Mil-HDBK-217. 

One must realize that if a product failure time follows exponential distribution, the 
product’s reliability for “used” one is as good as “new” one. In other word, the reliability of 
the product after being used for some times has the same reliability as that of a brand new 
product [6]. Obviously, there is no such engineering product. However, if the early failures of 
a production lot is effectively screened away, and the wear out time for the component is well 
beyond the life cycle of the component, one may use the exponential distribution to model the 
failure time of the component approximately. 

In the analysis of reliability test data, statistical distribution of the time to failure is 
crucial. Without the knowledge of the statistical distribution, there is no way to extrapolate 
the test data to the normal operating condition, and thus defeat the very purpose of an 
accelerated test as mentioned earlier. On the other hand, one cannot choose any distribution to 
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represent its failure time because a wrong choice may lead to grossly over-estimation of 
product reliability as shown in the following example. 

Assume we have a product with the failure times shown in Table 6, and the failure time 
follows the Weibull distribution. If we wrongfully use different statistical distribution to 

analyze the failure time data, the estimated t 50 will be as shown in Table 7. One can see the 

grossly over-estimation of the product reliability if exponential or normal distribution is 
assumed. 


Table 6. Failure time (in hours) of a component after reliability test 


0 

0 

0.82 

1.06 

2.53 

53.86 

86.04 

122.4 

464.14 

2018.63 

2885.21 

6454.48 

16870.22 

17067 

22209 

24849 

63029.8 

648734.4 

1607971 

7000252 



Table 7. Estimated t 50 (in hours) from the failure time data of Table 6 


Distribution 

ho 

Weibull 

1293.18 

Exponential 

6.07xl0 5 

Lognormal 

492.29 

Normal 

4.71xl0 5 
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Failure Rate vs Time Plot 
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Figure 7. Failure Rate vs. Time for actual data set which follows Weibull distribution. 
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ReliaSoft Weibull++ 7 - www.ReliaSoft.com 

Failure Rate vs Time Plot 
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Figure 8. Failure rate vs. time curve by assuming Normal Dsitribution. 

Also, with the wrong distribution assumed, the failure rate curve will be different. The 
actual data which follows Weibull distribution is having high early failure as shown in Figure 
7, and hence its reliability can be improved through burn-in. However, if normal distribution 
is assumed, we will think that the product is undergoing wear out as shown in Figure 8, and 
hence burn-in will be avoided. 

5. The Higher the Stress, the More Effective Is the Reliability Test 

In the pursuit of shortening the reliability test time, it is common to increase the stress 
condition. However, at least two problems arise when the stress is increased without a careful 
evaluation as follows. 

A. Masked Failure Mechanism 

Meeker and Escobar [7] show the situation of masked failure mechanism (or mode) when 
the applied stress is too high and the test time is too short. Figure 9 is reproduced from [7] for 
ease of discussion. 

As can be seen in Fig 9, if the test temperature is set at 120°C and the test time is stopped 
at 200 hours, only failure mode 1 will be observed, and no failure is due to failure mode 2. 
However, at the normal operating condition, units that failed early are mainly due to failure 
mode 2, and hence the reliability test conducted at high stress is not useful at all in predicting 
the reliability of the product at the normal operating condition. 
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Figure 9. Failure Mode 2 with lower activation energy was masked at high temperature, but unmasked 
at low temperature [7]. 

B. Variation of Failure Mechanism 

Kraft et. al. [8] studied the electromigration damage map of A1 interconnect as 
reproduced in Figure 10, and they found that at high stress current condition, most of the 
failure will be wedge like void as reproduced in Figure 11. However, under the normal 
operating condition where the current density is lower, most of the failure will be a slit-like 
void as reproduced in Figure 12. Their results are verified with experiments. 



line width/ grain size 


Figure 10. Theoretical Electromigration Damage map for near-bamboo lines [8]. 
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Figure 11. SEM Micrograph of an extended wedge-shape void in a pure A1 line [8]. 



Figure 12. SEM Micrograph of a slit-like void in an AlSiCu line [8]. 

Roy et. al. [9] studied the failure physics of electromigration in ULSI interconnections, 
and they found that the failure locations are different at the accelerated stress condition and at 
the normal operating condition. The dominant driving force for failure is also different at the 
different test conditions. 

Since the invariance of failure mechanism at the stress condition and at the normal 
operating condition are essential for lifetime extrapolation [10], the change in the failure 
mechanism by employing too high the stress will render the accelerated life test non-effective, 
wasting the resources and may even lead to over-estimation of product reliability. 

6. All Test Data Are Valid 

In the analysis of reliability test failure times, it is customary assumed that all the failure 
times are valid data. In reality, due to the high stress condition used, it is very likely that other 
failure mechanisms may evolve, and hence the “failure” times associated with the other 
failure mechanisms exists. These “failure” times are not the true failure times for the failure 
mechanism of interest designed for the given reliability test, and should therefore be treated 
as outlier points. Here we need to note that all accelerated life tests are designed with their 
associated respective failure mechanism of interest. For example, THB (Temperature- 
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humidity-bias) test is designed for the galvanic corrosion. Electromigration test is designed 
for the electromigration of interconnection. 

Let us consider the following example where the actual time to failure distribution 
follows the Weibull distribution with ^ 50 =1333.69 hours and MTTF =3137.77 hours. Table 

8 shows the failure times and Suspension times as denoted as F and S respectively. 
Suspension time (also called censored time) is the time where unit cannot be tested further 
since other failure mechanism has occurred that render the unit not operative. 

If we consider all the “failure time” as valid failure time, and using the Weibull 

distribution, we will find that ^ 50 =727.10 hours, and MTTF =1944.13 hours. This is a 

significant difference with the actual values, and the difference will be even larger after 

extrapolation because an acceleration factor will be multipled to the t 50 and MTTF 

obtained from the accelerated test conditon, thus grossly under-estimate the product 
reliability. 


Table 8. Reliability Failure Time of 27 Devices Under Test 


Status 

TTF (hrs) 

Status 

TTF (hrs) 

Status 

TTF (hrs) 

s 

12.00 

F 

254.00 

F 

3492.20 

F 

15.90 

F 

277.95 

s 

3546.00 

s 

30.00 

F 

401.20 

F 

3630.81 

F 

37.47 

F 

439.28 

F 

3956.43 

s 

48.00 

s 

450.00 

F 

4021.37 

F 

70.18 

F 

521.71 

F 

4853.51 

F 

123.56 

F 

1065.83 

F 

4969.72 

s 

234.00 

s 

1200.00 

F 

9115.77 

F 

247.26 

F 

1806.12 

F 

9248.72 


7. Only One Failure Mechanism Exist in the Failed Units 

It is customary to assume that only one failure mechanism exist with the failure data. 
Again, with the high applied stress, the existence of more than one failure mechanism in the 
data is quite common. Failure to account for multiple failure mechanisms in the test data will 
make the extrapolation invalid, and the conclusion made regarding the product reliability will 
not be credible. 

Table 9 shows the time to failure of 24 units subjected to electromigration test [11]. Since 
electromigration failure is known to follow the Lognormal distribution, and if one analyzes 
the data by assuming one failure mechanism (since all their failure modes are the same) and 
employs Lognormal distribution, we have the probability plot as shown in Figure 13. From 

the plot, we can find the t 50 =136.17 hours at the stress condition. 


































































Reliability Assessment of Integrated Circuits and its Misconception 


61 


Table 9. Time to Failure Data in Electromigration Test 


9.04 

23.06 

28.55 

94.18 

105.05 

112.01 

118.24 

118.37 

120.97 

126.21 

130.23 

145.35 

148.74 

150.08 

175.45 

179.66 

213.33 

247.21 

263.12 

274.24 

331.73 

345.25 

425.63 

474.34 


ReliaSoft Weibull++ 7 - www.ReliaSoft.com 

Probability - Lognormal 



Time, (t) 


u=4.9139, p=0.8878, p=0.9239 


Figure 13. Lognormal Plot of the Time to Failure Data shown in Table 9. 

By using the method of mixture distribution, one can indeed find that there are two 
failure mechanisms exist in the data, and the failure units that belong to each of the failure 
mechanisms can be determined as shown in Table 10 [12]. The nature of the failure 
mechanisms are confirmed with detail failure analysis as shown in Figures 14 and 15 for the 
Line and Via EM. 

Table 10. Mixture Distribution Analysis of the Test Data shown in Table 9 


Failure 

No. 

TTF 

Missing data matrix 

FIB 

analysis 

Failure 

No. 

TTF 

Missing data matrix 

FIB 

analysis 

Probability 
due to 
omponent # 

Probability 
due to 
component 
#2 

Probability 
due to 
component 
#1 

Probability 
due to 
component 
#2 

1 

9.04 

1 

4.23E-08 

- 

13 

148.74 

2.31E-05 

0.99998 

- 

2 

23.06 

0.99934 

0.000664 

Line EM 

14 

150.08 

2.13E-05 

0.99998 

- 

3 

28.55 

0.99436 

0.00564 

Line EM 

15 

175.45 

5.09E-06 

0.99999 

- 

4 

94.18 

0.0016327 

0.99837 

- 

16 

179.66 

4.10E-06 

1 

- 

5 

105.05 

0.00058541 

0.99941 

- 

17 

213.33 

8.62E-07 

1 

- 
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Table 10. Continued 


Failure 

No. 

TTF 

Missing data matrix 

FIB 

analysis 

Failure 

No. 

TTF 

Missing data matrix 

FIB 

analysis 

Probability 
due to 

omponent #] 

Probability 
due to 
component 
#2 

Probability 
due to 
component 
#1 

Probability 
due to 
component 
#2 

6 

112.01 

0.00032125 

0.99968 

- 

18 

247.21 

2.29E-07 

1 

- 

7 

118.24 

0.00019389 

0.99981 

- 

19 

263.12 

1.31E-07 

1 

- 

8 

118.37 

0.00019192 

0.99981 

- 

20 

274.24 

9.04E-08 

1 

VIA EM 

9 

120.97 

0.00015677 

0.99984 

- 

21 

331.73 

1.67E-08 

1 

- 

10 

126.21 

0.0001057 

0.99989 

VIA EM 

22 

345.25 

1.17E-08 

1 

- 

11 

130.23 

7.90E-05 

0.99992 

- 

23 

425.63 

1.88E-09 

1 

- 

12 

145.35 

2.86E-05 

0.99997 

- 

24 

474.34 

7.33E-10 

1 

- 



Figure 14. SEM Micrograph of the Test Structure after FIB Cut showing that failure component #1 is 
the Line Electromigration. 
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Figure 15. SEM Micrograph of the Test Structure after FIB Cut showing that failure component #1 is 
the Line Electromigration. 
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With the separation of the two failure mechanisms, t 50 =18.17 hours for line 

electromigration, and t 50 =181.27 hours for the Via electromigration under the stress 
condition, and the probability density function (pdf) of the test data can thus be given as 


,, « \at-2.9 In7-5.2 

pdf = 0.12xO(-) + 0.88xO(-) 


0.5 


0.48 



From the t 50 ’s of the two failure mechanisms, it is obvious that via electromigration is 

more reliable as compare to its line electromigration for these samples. However, upon 
extrapolation to the normal operating condition using the Black’s equation and their 
respective activation energies and pdf, the probability of failure due to the two failure 
mechanisms is shown in Figure 16. The early failure in the field is the via electromigration 
instead of the line electromigration. In other words, attempt to improve the line 

electromigration due to its short t 50 at the accelerated stress condition will be in vain in this 

present case. Hence, the important of accurately obtaining the various failure mechanisms in a 
test data and their respective pdf is crucial in ensuring product reliability at the field operating 
condition. 
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Figure 16. Probability of Failure (CDF) vs. Time to Failure (TTF) for the test data shown in Table 9. 
Here CDF is the cumulative density function. 



8. Probability Plot Is Sufficient for Test Data Analysis 

Probability plot is a useful tool to determine the parameters of a failure time distribution. 
However, the accuracy of the parameters’ values determined from the plot depends on the 
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sample size. Figure 17 shows the % error in the estimation of MTTF using the probability 
plot for the Lognormal and Weibull distributions respectively. One can see that unless the 
sample size is very large (to the point of impractical), the accuracy from the plot is indeed 
very poor. 

Furthermore, there are several circumstances that render the data plot not lying on a 
straight line even if the right probability graph paper is used, increasing the error of 
estimation. The reasons for not getting a straight line in the plot are: 

a. The presence of failure free life [5] 

b. The presence of outlier points 

c. The presence of multiple failure mechanisms, including freak distribution which 
renders the plot as S-shape curve [13]. 
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(a) Lognormal Distribution 
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Figure 17. Effect of Sample Size on the estimation Error of MTTF using Probability Plot. The dot in the 
graph represents the possible error in MTTF estimation from a set of sample for a given sample size. 
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9. Small Sample Size Is Sufficient 

It is generally difficult to have a large sample size for reliability test because all the test 
units after the test cannot be used or shipped. On the other hand, for small sample size, the 
estimation of the failure distribution parameters will be inaccurate and thus the estimated 
reliability. 

Meeker and Escobar [7] studied the effect of sample size on the estimation of time for a 
given % of failure. Figure 18 reproduces their work which shows the probability plot of a 
number of sample set from a given Weibull distribution, for different sample size. These 
sample set simulate the possible sample that one might have for actual reliability test. 



Hours 

(a) ML cdf estimates from 30 simulated samples of size n=5 



Hours 

(b) ML cdf estimates from 30 simulated samples of size n=50 


Figure 18. Continued on next page. 
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(c) ML cdf estimates from 30 simulated samples of size n=500 
The Figure is reproduced from Ref [7]. 

Figure 18. The effect of sample size on the variation in the estimation of t A . The solid line represents 
the actual population. The standard deviation of log(ti) in the figure represents the possible variation of 
the estimation, t, is the time for 10% failure, and ML means Maximum Likelihood. 

From Figure 18, one can see that if the sample size is small, the variation in the 
estimation of t , will be very large. Also, with small sample size, we might not even observe 

any failure, making the estimation of t , impossible. Since we do not know which sample set 

we will actually have, the estimated t , obtained from the test can be either the lowest one or 

the largest one, but both of them can be far from the actual population value when the sample 
size is small. In other word, the reliability estimation will be very inaccurate if small sample 
size is used. 

10. The Important of Confidence Interval 

Since the estimation of reliability is based on a small sample set, and as can be seen in the 
above, the variation of the estimation can be large, it is important to present the confidence 

interval associated with the estimated reliability. For example, if the estimated t 50 from a 

reliability test is 100 hours, one is not sure if this value is close to or far away from the 
corresponding value in the population (i.e. the batch of the products where the sample is 

drawn). If 95% confidence level is chosen, and the confidence interval of the t 50 is [1, 10000 

hours], the estimation is basically useless because such a conclusion can be made even 
without conducting the test. Hence, with the establishment of the confidence interval, one can 
examine if the estimated reliability is a reasonable estimation to the population reliability. 
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IV. Conclusion 

While the important of reliability for IC is unquestionable, and many companies are 
performing reliability tests on their products, there are many seemingly intuitive but 
misconceptions exist in carrying out the analysis of the reliability test data. Unless these 
misconceptions are taken care of, the estimated reliability of the ICs can be grossly over¬ 
estimated or under-estimated. Fortunately, statistical methods exist that prevent these 
misconceptions during the reliability test and its data analysis, and one can indeed provide a 
credible estimation if reliability tests are properly planned and analyzed. 
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Abstract 

A multi-channel mixed-signal full-customized CMOS integrated biopotential sensor chip and 
microcontroller based electronic system have been developed for in vitro extracellular 
recording of neural signals. The multi-site planar microelectrode array sensors for 
simultaneous neural signal recording have been designed and prototyped with on-chip fully 
integrated analog signal processing circuitry and control system. The biosensor system is built 
with hierarchical modules that incorporate microelectrode electrophysiological sensors, 
analog signal buffers configured with two-stage amplifier, gain providing amplifiers based on 
operational transconductance amplifier (OTA) with capacitive feedback and digital logic and 
interface units including clock generation and time division multiplexing control circuitry. 
The prototype IC was fabricated by MOSIS using AMI C5 0.5 jum, double poly, triple metal 
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layer CMOS technology. The electroless gold plating process is used to replace the aluminum 
material obtained from the standard CMOS process with biocompatible metal gold in the 
planar microelectrode array sensors to prevent cell poisoning and undesirable electrochemical 
corrosion. The post-CMOS processing and packaging techniques applied to the biosensor chip 
promotes biocompatibility and stability in the aqueous cell culture environment. A 
microcontroller based electronic system interfacing the biosensor IC with a client PC for the 
post processing of the action potential signals sensed by the biopotential sensor chip was also 
developed. The biosensor has been tested electrically in the presence of electrolyte 
environment and is shown to provide a satisfactory signal-to-noise ratio for neural signals 
with amplitudes in the range of 600pV-2mV and frequencies in the range of 100 Hz - 10 kHz. 
Biological example in vitro recordings conducted with neurons from Aplysia californica are 
shown in this research work, which proves the full functionality in neural recording of the 
biosensor chip incorporated with the interfacing electronic system based on 32-bit Motorola 
ColdFire MCF5307 RISC processor. On-chip amplification and time division multiplexing 
techniques of the multi-channel biosensor chip allow the large-scale simultaneous recording 
of biological activities of neurons. 

Keywords: Biopotential Sensor, Extracellular Recording, Mixed-signal CMOS Circuits, 
Analog Integrated Circuits, Microelectrode Arrays, Microcontroller. 


1. Introduction 

Neurons, also called nerve cells, are special cells that comprise the nervous systems of all 
living things. Nerve tissues are organized with many associated neurons, which are the 
primary component of the brain and spinal cord. Neurons communicate with each other 
through neural signals in form of electrical pulses, which are called action potentials. Action 
potentials, traveling along the membrane of the neurons in form of waves of electrical 
discharge, are the essential feature of living life. Since action potentials carry the action 
information within and between tissues, how to sense these signals, record them and interpret 
them in an electronics system is of great importance to neuroscientists. (Augustine et al., 
2004) In the past years there have been striking advances in the development of neural 
recording techniques for both in vitro and in vivo neural measurements. Development of 
micro devices with the function of chronicle and non-invasive monitoring of neural activities 
holds the promise of new insights into neurological processes. (Patterson et al., 2004) 

For many years in neurosciences, micromachined extracellular microelectrode arrays 
(MEA) have been widely applied to study the neural activity of electrically excitable cells 
(Pancrazio et al., 1998). The dimension of the electrodes is implemented with similar size as 
neurons (Kawano et al., 2003). The use of the microelectrode for the non-invasive 
extracellular recording the electrical activity of neurons has contributed greatly to the 
understanding of the nervous system. Simultaneous in-vitro recording from populations of 
neurons has been increasingly acknowledged as essential to better understanding of functional 
relationships between cells in brain and other neuronal networks (Csicsvari et al., 2000). One 
of the difficulties encountered in these devices is the small magnitude of the neural signal 
(Blum et al., 2003). The processing circuitry, which can access addressed electrode site, 
amplifies the neural signals and performs analog-digital conversion for transmission of the 
neural signals (Litke and Meister, 1991; Oka et al., 1999), is a common technique to 
precondition and postprocess the neural signal sensed by MEA. With the development of 
technology in complementary metal-oxide-semiconductor (CMOS) fabrication, 
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microelectrode arrays incorporated with CMOS based application specific integrated circuit 
(ASIC) techniques has become an obvious approach for non-invasive, long-term and multi¬ 
channel extracellular neural signal recording (Ji et al., 1992; Akin and Najafi, 1998; Wrobel 
et al., 2007; Najafi and Wise, 1986; Dabrowski et al., 2003). Introducing ASIC into the 
microelectrode array substrate provides an efficient technique for on-chip preliminary signal 
conditioning and processing, which reduce the complexity of off-package electronics (Blum 
et al., 2003). Microelectrode arrays combined with ASIC establishes the possibility of 
creating the biosensor system on chip (SoC) with large site number of simultaneous 
measurements without introducing significant noise from the signal conditioning and 
processing circuitry. Integration and packaging of these multi-channel arrays with analog and 
digital signal processing and control functions into a lightweight, low power dissipation and 
low noise ASIC is highly desirable for neurophysiological applications (Nicolelis, 2001). 

In this research work, a full-customized biopotential chip for sensing the propagation of 
action potentials in nerve cells is designed, fabricated and tested. This neural probe chip is 
designed around typical neural signal constraints such as large low-frequency offset voltages, 
small signal amplitudes, and low signal to noise ratios (Won et al., 2002). In this design, a 
multi-channel electrode sensor array with 150pm site spacing was realized. A diagrammatic 
representation of the biopotential sensor chip experiment with a single nerve cell for sensing 
propagation of action potentials is illustrated in Figure 1. This biosensor IC functions as an 
interface between neurons and the external data acquisition and processing system. It is 
designed to measure contact-neuron interface voltages, which will enable modeling of the 
interface, and furthermore, the calculation of internal cell potentials. Presented in this 
research work, a microcontroller based testing workbench with firmware to interface the 
biosensor chip with a client PC running Matlab/Simulink platform was also developed for 
post-IC signal processing and control. 
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Figure 1. Diagrammatic representation of the cross-section view of the biosensor chip experimental 
with single nerve cell. 
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2. System Overview 

Figure 2 depicts the biosensor chip architecture and the functional blocks of the biosensor 
system setup. The integrated sensor array consists of four major blocks: 24 (4 x 6) 
microelectrode array sensor pixels, 24 parallel analog signal processing channels repeated 
with each electrode sensor contact, high gain amplifier and the control/interface circuits 
including the 24-to-1 analog multiplexer. The 4 by 6 microelectrode array sensor pixels with 
a dimension of 60pm x 60pm were spaced at a distance of 150pm (center-to-center) from 
each other. They sense the changes of internal cell action potentials using capacitive coupling 
through the cell membrane of single neuron or monolayer nerve cell slices. The electrode 
separation was chosen to allow for monitoring of cultured cell network properties if desired 
while limiting crosstalk due to neighboring cells. Studies have demonstrated that the inter¬ 
electrode crosstalk can be significantly limited at a minimum of 80-100pm separation 
between electrodes (Breckenridge et al., 1995), which was proved consistently with finite 
element analysis modeling performed in the same research group (Lind et al., 1991). The 24 
addressable analog signal processing channels are connected to the microelectrode array 
sensors. Each analog channel consists of a two-stage amplifier buffer with a midband gain of 
20dB via resistive feedback, which buffer the neural signals taken directly from each sensor 
contact into the high gain amplifier. The high gain amplifier is the gain providing stage and is 
shared among the 24 channels via time multiplexing. The design of preamplifier buffers 
minimizes the systematic DC offset voltage and provides high input impedance in the first 
stage in order not to overload the high-impedance recording microelectrode. The preamplifier 
buffer features a voltage follower with a midband gain around 10V/V formed from the two- 
stage amplifier with resistive feedback. After being buffered, the 24 neural signals are time 
multiplexed by a 24-to-1 analog multiplexer to reduce the number of output leads. The analog 
multiplexer is controlled by 5-bit digital sequence, which periodically selects one of the 24 
channels causing the signal from its sensor pixel to be placed on an output wire of the 
biopotential sensor chip. The output of the biosensor chip is serial of neural signals sensed by 
the 4 by 6 sensor pixels, with the neural signal from only one microelectrode sensor pixel 
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Figure 2. IC Architecture of biopotential sensor chip with complete testing system. 
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appearing on the output wire at a time. An additional output transconductance amplifier 
(OTA) with capacitive feedback interfaces the output of the preamplifier buffer to an external 
pad. This stage applies high closed-loop gain (30-40dB) to the buffered neural signal before 
driving it out onto the output lead of the biosensor chip. The amplified neural signals will be 
conditioned, digitized and transmitted to a client PC by the microcontroller based testing 
workbench that interfaces the biopotential sensor chip with PC. The noise level in the signal 
conditioning and processing channels varied from 50 to 60 pVpp, while the minimum 
amplitude of the biopotential signals recorded was 0.6mVpp, which corresponds to a >20dB 
SNR for the analog signal processing front end. 


3. System Architecture and Design 

3.1. Neural Signal Input 

Figure 3 gives the block diagram of a single analog channel on the biosensor chip. There 
are four major units in each analog signal channel: signal input, preamplifier buffer, high gain 
amplifiers and biasing circuitry. When converting the single channel readout circuit to multi¬ 
channel systems, we will add analog multiplexing block and some digital control blocks into 
the system. The 4 by 6 planar microelectrode array sensors are capable of obtaining the action 
potentials through capacitive coupling with cell membranes, which enables in vitro neural 
signal monitoring. With the dual signal-sensing function based on the time division 
multiplexing input, the input of the analog signal processing channels can be either from the 4 
by 6 on-chip planar micro electrode array sensing sites or from the external pads of the 
biosensor chip. This design method makes the connection of the biosensor chip to external 
microelectrodes possible. In the meantime, this approach increases the electrical testability of 
the biosensor chip. The traditional electrical testing process requires the direct contact of 
planar microelectrode array sensors with the micromanipulators to apply the emulated 
electrical signals to the biosensor chip. The microelectrode array sensors are very fragile and 
can be easily damaged through the direct contact with micromanipulator during the electrical 
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Figure 3. Block Diagram of a Single Channel on Biosensor Chip. 
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testing since the planar microelectrode array sensors are the only part in the biosensor chip 
that is not shield by the top cover glass. With the dual signal-sensing design, we can setup the 
chip pad as the input source of electrical signals without the direct contact of 
micromanipulator (served as electrical stimulator) with the microelectrode array sensing sites, 
which greatly improves the lifetime of the biosensor chip. 


3.2. Preamplifier Buffers 

The preamplifier buffers are mainly responsible for the circuit noise performance. Since 
the microelectrode sensor pixels acquire the action potential signal from the cell membrane 
via capacitive coupling, the parasitic capacitance presented to the microelectrode array 
sensing sites is important. Furthermore, the signals to be detected are typically of order 100 
pV - 5mV peak to peak (Eversmann et al., 2003). Therefore, on-chip buffering to produce 
high drive capability and low output impedance is very important. Good noise performance, 
high drive capability, low output impedance, low power dissipation and small area 
consumption are major concerns when designing a voltage buffer, and tradeoffs among these 
parameters have to be made (Bai and Wise, 2001). The preamplifier buffers can also 
minimize the possible cross talk of neural signals and charge injection associated with MOS 
transistor switching, since the not-addressed signal processing channels are isolated from the 
microelectrode sensors and neurons by the buffers. Charge injection could significantly 
disturb adjacent sensed signals as charge is injected back into the neuron under test 
(Mojarradi et al., 2003). 24-to-l time division multiplexing is used to covert the single analog 
signal channel into multiple channel arrays. In the meantime, since multiplexing is used on- 
chip, the preamplifier buffers must be able to drive the subsequent amplifier at high-speed. 

When a channel is addressed, the bias current will be applied to the preamplifier buffer 
circuit. The buffered neural signal will be directed out of the preamplifier into the next stage. 
The preamplifier buffer presents low impedance to the output wire when the corresponding 
channel is addressed. On the other hand, when a channel is not addressed, the bias current for 
the corresponding channel will be turned off. The microelectrode sensing site will also be 
isolated from the preamplifier buffer, which reduces the inter-channel cross talk. The buffer 
presents high impedance to the output wire when the channel is not addressed. The shutdown 
of not-addressed preamplifier buffers will reduce the power consumption of the biosensor 
chip. Unfortunately, in order to achieve the desired power dissipation, other performance 
parameters, typically indicated by the multiplexing speed are usually compromised due to the 
delay in settling of the circuit, which is related to the switching on and off the bias current of 
the preamplifier buffer. The tradeoff between the power consumption and multiplexing speed 
can be justified since high speed multiplexing is not necessary for most of the action potential 
measurement systems. 

The schematic diagram of the preamplifier buffer is shown in Figure 4. It is composed of 
a two-stage amplifier configured with the closed-loop gain of 20dB via resistive feedback and 
some state controls. The two-stage CMOS amplifiers are extensively used in the various 
analog and mixed-signal circuits and systems due to its simple structure and robustness. 
(Mahattanakul, 2005) When designing a two-stage amplifier, numerous electrical 
characteristics, e.g., power dissipation, stability, overshoot, common-mode (CM) input swing, 
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Figure 4. Schematic of preamplifier buffers with analog multiplexer. 
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output swing, open-loop gain, systematic input-referred offset voltage, gain-bandwidth, slew 
rate, input-referred noise voltage, should all be taken into consideration by the designer. 
Furthermore, closed-loop stability of the designed amplifier is of the most importance among 
all of the specifications. A minimum of 60 degree of phase margin is typically required under 
the worst-case analysis (unity gain configuration). A trade-off between the desired stability 
margin and other performance parameters should be justified by the designer with respect to 
the application field of the amplifier. Miller compensation technique was employed in this 
design, which connects a compensation capacitor Cc serial with a zero generating resistor 
across the high-gain stage (second stage). In this work, the design of the CMOS two-stage 
preamplifier starts from Miller compensation step by determining of the Miller capacitance 
Cc. 


3.3. Analysis and Design of the Two-Stage Amplifier Based 
Preamplifier Buffer 

3.3.1. Device Model 

We neglect the 2 nd order effect (body effect, channel length modulation, velocity 
saturation) during the analysis for simplicity. Typically, the MOS transistors are desired to 
work in saturation region, which is described by the following equations: 
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for PMOS. 


3.3.2. Frequency Response and Pole/Zero Locations 


The low frequency small signal gain of the two-stage amplifier shown in Figure 4 can be 
expressed as: 


A 0 = A l x A 2 (4) 

where Ai is the low frequency small signal gain of the first stage, and A 2 is the low frequency 
small signal gain of the second stage. Ai and A 2 can be expressed as: 
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A = gm 1.2 ( r o2 11 r oA ) 


(5) 


4 = g m6 Aob 11 r ol ) 


( 6 ) 


The frequency response of the amplifier can be expressed as 


As) = A 0 
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(7) 




The poles and zeros of the frequency response of the amplifier shown in Figure 4 can be 
found at (Allen, 2002): 
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The relationship between poles can be found as: CD 

If R z > g m \ , we will have the zero also in the left half plane, which makes the system a 

desirable minimum phase system. Also, we could have the zero cancel out the 1 st non¬ 
dominant pole CD p 2 in the design, which makes 
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We also note that the gain-bandwidth can be expressed as: 



= A a co 


pi 




3.3.3. Output Swing 

According to the Figure 4, it’s obvious that output swing can be expressed as: 

Output Swing = V DD - V ov6 - V ovl 

3.3.4. Common-Mode Input Range 

If V™ represents the amplifier head room voltage of the common-mode input range, 
which indicates V = V DD - V CM(max) and = V CM(min) - V ss according to Figure 4, 

it can be derived that, to make the Mi work in saturation region, 

VT=V GSi -V t ( 16 ) 

and to make the M 5 work in saturation region, we should have 

yCM- y y y /1 H\ 

y HR y ov5 ^ y ov\,2 ^ y t 


3.3.5. Internal Slew Rate 


The internal slew rate is the slew rate associated with the compensation capacitor Cc, 
which can be expressed as 





3.3.6. External Slew Rate 

The external slew rate is associated with the load capacitor C L (reference), it can be found 
as 

SR,„ = Id ’ ~‘ ds (19) 

^L 

Associating (18) with (19), we have 


I D1 =SR exl (C c +C L ) 


(20) 
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Combining (3), (15), (18), with the current equations I D5 = 21 m = 2 I D2 , we have 






3.3.7. Systematic Input-Referred Offset Voltage Minimization 

The preamplifier buffers were designed to minimize the systematic offset, which is 
caused by current imbalance in the 2 nd stage, i.e., between the drain current of Mg (Id 6 ) and 
that of M 7 (I D7 ), when there is no input voltage (Gray, 2001). With perfect matching and zero 
input voltages, I D 3 = few = W2 and thus V G s3 = V D s3 = V D s4 = V G s6- Therefore, V 0V 3= V 0V 4 = 
V 0V 6 is required, where V ov = V G s-V t . Ignoring the channel-length modulation effect and 
according to the square-law behavior of MOS transistor in saturation region: 
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the following relationship between Id and W/L ratio is obtained: 
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current of M 7 and M 6 , which is Id 7 = Id6- As a result, the current imbalance in the 2 stage can 
be minimized by the following aspect ratio condition: 



which was considered in the preamplifier buffer design to minimize the DC offset 
voltage. 

3.3.8. Input-Referred Thermal Noise 

The input-referred thermal noise of the two-stage amplifier in Figure 4 can be shown to 


be 
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From (3), (12), and (16), we have 
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substitute g ml 2 and g m3 4 in (24) with (15) and (25), we obtain 
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3.3.9. Preamplifier Buffer Design 

The design starts from the phase margin analysis, since the most important issue in 
preamplifier design is to achieve good stability margin. From the expected unity gain- 

bandwidth CO u , to make the amplifier achieve 60° phase margin, we should have the 2 nd pole 

(1 st non-dominant pole) further away from the gain crossover frequency, this gives us the 
following equation to evaluate the location of 2 nd pole: 

90° + tan '-^ = 180°-60 °-M (27) 

®p2 

where M is the phase margin over 60°. Typically, we would like to have at least 60° phase 
margin. In this design, we choose 10° margin, which leads to M=10°. Thus, we can obtain the 

2 nd pole CO p2 . Combine (9) and (27) we have obtain the proper value of g m6 and from (2) we 

can calculate the (W/L) 6 . Also, note that the V 0V 6 can be obtained from the expected output 
swing. Thus, I D6 is obvious to calculate. 

The following calculation focus on obtaining the value of compensation capacitor Cc 
from the specified input referred noise. With (26) we can obtain the value of Cc. In this 
estimation, we assume y=2.5 for short channel device. From the specified Slew Rate (SR), we 
can estimate the Id6> Id 7 and also I D5 with (18) and (20). From the relationship 

! d 5 

Idi — I D2 —-and (15), we can calculate the value of Idi and g m i, combining (2) (W/L)^ 

2 ' 

can be obtained. 
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3.4. Channels Addressing and Sequencing 

The biopotential sensor chip has a built-in 5-bit address decoder to address the 24 analog 
signal channels associated with the 24 microelectrode pixels in the sensor array, which 
implements the function of a 24-to-l analog multiplexer. When an analog signal channel is 
addressed, its associated preamplifier buffer bias current is turned on activating the 
preamplifier. Also, the output of the corresponding preamplifier buffer is connected to the 
input of the OTA based high-gain amplifier. The on-chip 24-to-l analog multiplexer serves as 
site-selection circuits, which can be used to select site of the 4 by 6 sensor arrays. A five-bit 
binary counter is built on-chip to drive the input of the 5-bit address decoder to implement the 
spatial sequencing of the 24 sensing sites. The 5-bit binary counter starts with 00000 after 
reset, which is associated with the first analog signal channel. As the counter sequences 
through the consecutive binary numbers from 00000 till 11000 (no state defined for binary 
number from 11001 to 11111), the analog signal channels will be addressed in sequence and 
the corresponding neural signal will be buffered, amplified and lead onto the output pad of the 
biosensor chip. The multiplexing rate for the readout system is governed by the clock rate of 
the binary counter, which may vary for different application purposes. For example, the 
required multiplexing rate for the retinal readout system is up to 5 MHz (Mathieson et al., 
2004). The clock of the binary counter can be provided either by a built-in ring oscillator or 
an external clock from the testing system. 


3.5. Biasing Circuitry 

The amplifier stability margin (phase margin) is determined by the location of dominant 
pole, where the dominate pole is a function of the input stage transconductance g ml j 
controlled by the bias currents. The biasing circuitry of the preamplifier buffers and gain 
providing amplifiers are illustrated in Figure 5 (a) and (b). The biasing circuit for the two- 
stage preamplifier buffers adopts the basic current source and current mirror structure to 
produce biasing current and copy it into the input stage and gain-stage of the two-stage 
preamplifier with no dependence on process and temperature (neglecting the channel-length 
modulation). Considering the limited layout space on the total die area of 1.5 x 1.5 mm , the 
diode connected NMOS and PMOS serving as the biasing resistor replace the passive 
element. Each of the 24 preamplifier buffers is addressable. These buffers receive no bias 
current unless they are addressed. Addressing turns on the buffer by switching the bias 
current into the addressed preamplifier and also, switches the preamplifier output onto the 
output wire that feeds the gain-stage amplifier. This design architecture is a trade-off between 
speed and power dissipation. We only switch on the biasing circuitry for the preamplifier 
buffer corresponding to the addressed analog channel. For those analog channels that are not 
addressed, we shut off their biasing current to reduce the total power consumption. However, 
switching the amplifier on and off will increase the settling time of the analog signal 
processing channels and thus reduce the frame rate of the microelectrode array controlled by 
the running frequency of the on-chip ring oscillator. 
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Figure 5. Schematics of Biasing Circuitry for the preamplifier and high-gain amplifier. 


3.6. High-gain Amplifier 

The gain-stage amplifier will apply the higher gain to the buffered signal to bring it from 
the level of hundreds of micro-volts to a couple of volts. The main constraints in the design of 
bio-amplifiers (preamplifier and gain stage amplifier) are the requirement of low input 
referred noise, low power consumption, and a small area on chip. In the meantime, the bio¬ 
amplifiers should have the capability of removing the DC offsets from the input. The 
structure of the two-stage amplifier is simple and easy to implement, however, the 
compensation capacitor will consume much chip area in layout. In the meantime, the two- 
stage preamplifier structure will be unable to eliminate the DC offset with the resistive 
feedback configuration. We consider the operational transconductance amplifier (OTA) for 
the gain stage amplifier in this biosensor chip since the compensation capacitor for the OTA 
is the load capacitor which can be the input capacitance of the next stage or off chip and thus 
the on chip compensation capacitor is not necessary for the OTA based high-gain amplifier 
stage. The gain stage amplifier implemented in this design comprises an operational 
transconductance amplifier (OTA) coupled in capacitive feedback configuration, shown in 
Fig 6. This OTA structure is very simple and popular, adopted by many researchers in 
designing the low-noise CMOS bio-amplifier. (Harrison and Charles, 2003; Wu et al., 2005) 
The closed-loop midband gain of the capacitive feedback OTA amplifier is determined by the 
value of Cl and C2 (feedback gain = C 1 /C 2 ). Cascode topology is chosen at the output stage to 
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boost the open loop gain of the OTA with the trade-off with the output swing. Since both of 
the two input nodes of the OTA amplifier are floating, switched capacitor circuitry will be 
necessary for the proper operation of the OTA with the capacitive coupling. However, the 
switched capacitor circuitry will introduce the clock-controlled operation, which will make 
the design complicated with the challenges of high precision clock generation, channel charge 
injection and clock feed-through. To avoid the switched capacitor operation, we need to 
provide DC biasing path for both of the input nodes in the OTA amplifier. Since the 
serpentine polysilicon resistor with large value takes huge die area in the layout, the diode 
connected pMOS transistors serve as large resistors for the DC biasing purpose. 

Compensating the OTA is simply a matter of choosing the minimum load capacitance. 
(Baker et al. 1998) The phase margin of the OTA will improve with the increasing of load 
capacitance. Unlike the two-stage amplifier, the on-chip compensation capacitor for OTA is 
unnecessary, thus, it saves significant chip area in the OTA layout compared with the two- 
stage amplifier. However, the structure of the OTA is more complicated compared with the 
two-stage amplifier, especially for the biasing circuit. For the layout of large transistors (high 
W/L ratios), such as M 2 , M 7 , M 8 and M 12 in Figure 6, we split them into two transistors 
equivalent to one large transistor to reduce the parasitic capacitance. The values of feedback 
capacitors Ci and C 2 are chosen to give the appropriate closed-loop gain. Ci and C 2 are 
implemented on chip and the load capacitor C L will be the off-chip capacitance, including the 
load of the measurement stage too. The proposed value of Q is lOpF and C 2 is 0.2pF to 
achieve the closed-loop gain around 30 - 40 dB. The on-chip capacitors are implemented 
with two overlapped layers of poly-silicon materials (polyl and poly2). The AMI 0.5um 
design rules require the poly2 stays inside the area of polyl. 


Rjjias implemented. with PMO S ok- chip 



Yoiit 


(a) OTA with Capacitive Feedback 


Figure 6. Continued on next page. 
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(b) Schematics of OTA 


Figure 6. Schematic of OTA based high-gain amplifier. 

Though careful design applies to eliminate DC offset voltage of the preamplifier buffer, it 
may still exist in the preamplifier buffers due to the mismatches in the supposedly identical 
pairs of devices. The OTA based high-gain amplifier will be helpful to reduce the DC offsets 
due to the AC coupling principle of the OTA with capacitive feedback topology. 


4. Biosensor Fabrication and Package 

The layout of the biosensor device was implemented using Magic Ver 7.1 (U.C. 
Berkeley, Berkeley, CA). Magic provides a mask oriented description of the high-level 
description (HLD) circuit. Its hierarchical layout editor allows for the inclusion of library 
cells, which extends the complexity of the design capabilities (Davis, 2005). To minimize the 
circuitry layout area, hand layout was chosen for all circuit building blocks and wire routing. 
The total layout of the biosensor chip consumes an area of 2.25 mm 2 . We fabricated the 
biosensor chip in the AMI C5 0.5 jum double-poly three-metal CMOS process via the MOS 
Implementation Service (MOSIS) foundry service. The fabricated chip is powered by 5V and 
packaged with the ceramic 40 pin dual-inline package (DIP) by MOSIS. Figure 7 is the 
micrograph of the packaged 40 pin DIP biosensor chip mounted onto a 3 5-mm petri dish with 
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a centered round hole through the bottom. The square at the center of the biosensor IC chip in 
Figure 7 is the area of the bare die containing the sensing array and signal processing 
channels, which are not visible at this magnification. Figure 8 illustrates the microphotograph 
of the biosensor chip and its functional blocks including the sensing area of the fabricated 4 
by 6 microelectrode array sensors, reference electrodes and analog signal processing channels 
with built-in digital logic control/interface. 



Figure 7. Micrograph of the packaged 40 pin DIP chip mounted with 3 5-mm petri dish. 

The layout of the planar metal sensor pixels are implemented with three layers of metals: 
metal 1, metal 2 and metal 3 with the top cover glass open, which is similar to the pads of the 
IC chip. This will leave the metal open to external world and not covered by the glass after 
the IC fabrication. We shrink down the size of the individual planar metal sensor pixel 
compared with the pad of the IC chip to make the 6 by 4 sensor pixels array fit into the 
1.5x1.5 mm 2 die size. 

The 24 planar electrodes of the biosensor chip are fabricated using the standard CMOS 
fabrication process. Compared with MEMS techniques, this fabrication technique for the 
sensor contacts is simple and easy to realize. However, the microelectrode array sensing site 
material as received from the standard CMOS process is aluminum, which is deficient both in 
biocompatibility and corrosion resistance (Zhu and Zhu, 2006; Reeves et al., 2004; Kovacs, 
1998). To avoid cell poisoning and undesirable electrochemical corrosion, electroless-plated 
gold, which is biocompatible (Geddes, 1972), is used to cover the open aluminum electrodes 
of the biosensor chip. Gold is widely used as the microelectrode material in biological 
experiments because it is a relatively inert metal and does not react with the biological tissue 
(Mathieson et al., 2004). The electroless gold plating process is preferred for this purpose 
because neither a photolithographic process nor an electrical connection to the plated surface 
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is required. These processes will reduce sensitivity and increase noise during the 
measurement (Reeves et ah, 2004). Bond wires and pads are encapsulated using a water- 
resistant biocompatible epoxy resin to prevent shorting when the biopotential sensor array is 
immersed in the aqueous medium. Polydimethylsiloxane (PDMS) is used to form a well to 
isolate the bond wires from the aqueous culture medium. A 3 5-mm petri dish with a centered 
round hole through the bottom is mounted on the surface of the biosensor IC with PDMS, 
forming the larger bath to hold the aqueous culture medium and isolate the packaging 
material from the living cells. The post-CMOS processing and packaging techniques applied 
to the biosensor chip promotes biocompatibility and stability in the aqueous cell culture 
environment (Heer et al., 2006). 
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Figure 8. Microphotograph of the multichannel neural recording sensor chip. 
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5. Testing System Electronic Design 

A testing workbench that interfaces the biopotential sensor chip with a client PC running 
Matlab/Simulink (MathWorks, Natick, MA) platform was implemented using the Motorola 
ColdFire MCF5307 (Motorola, Austin, TX) microcontroller, which is a 32-bit RISC 
processor running at 45MHz and clock-double internally. The primary features of the 
MCF5307 integrated processor include: 8 Kbyte unified cache, 4 Kbyte SRAM, four fully 
programmable DMA channels, DRAM controller supporting up to 256 Mbyte of DRAM, full 
duplex DU ART, dual 16-bit general-purpose multimode timers and fully I C bus compatible 
Motorola bus (M-Bus) module. The firmware program was developed using the ColdFire 
Family assembly language. The testing workbench realizes four major functions: (1) Control 
signal/Pattem generation, (2) Analog and digital filter (3) A/D conversion of analog 
biopotential signals, and (4) Serial communication with PC system. 


5.1. Control Signals/Sequence Generation 

The mode control signal and pattern sequence of the biosensor chip are generated with 
the parallel I/O port of the MCF5307. The MCF5307 has one 16-bit parallel port (PP) for 
general I/O purpose. All the pins have dual functions. They can be configured as I/O or the 
alternate function via the Pin Assignment Register (PAR). In this design PP[7:0] are 
configured as output and PP[15:8] as input. PP[15:8] is used for input of the 8-bit data on the 

A/D converter ADC0820 data bus; control signals for ADC0820 (RD and WR ), bio-IC 
addressing sequence control signals are generated by PP[7:0]. To interface the biosensor chip 
with the MCF5307 microcontroller, a voltage level shifter is necessary to translate the 0-5V 
digital logic signals from the MCF5307 into the logic signals of the biosensor chip (powered 
by ±2.5V). 

5.2. Analog and Digital Filters 

The choice of building analog and digital filters are driven by eliminating the undesired 
components from the measured neural signals. We choose a continuous-time RC band-pass 
filter as it offers an easy way to build the modular multi-channel system (Dabrowski et al., 
2004). The band-pass filter in this design is comprised of a high-pass filter cascaded with a 
low-pass filter. The first step of the two-stage band-pass filter is a 2 nd order Butterworth low- 
pass filter and the subsequent stage is implemented with a 3 order Chebyshev high-pass 
filter. The low-pass filter limits the crosstalk from the off-chip noise sources and provides 
anti-aliasing (Heer et al., 2004) and the high-pass filter rejects the electrode low frequency 
offset voltage (Won et al., 2002). The corner frequencies of the band-pass filter are 100 Hz 
and 10 KHz, which is the typical frequency range of action potentials (Heer et al., 2004; Bai 
and Wise, 2001; DeBusschere and Kovacs, 2001). Digital filters are implemented using 
Matlab’s powerful signal processing toolbox. A 6 th order low pass elliptic filter is used to 
smooth the digitized neural signals to eliminate the noise introduced by the measurement and 
data acquisition system. 
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5.3. A/D Conversion of Neural Signals 

Since the MCF5307 does not have a built-in analog-to-digital (A/D) converter, the 
National Semiconductor (Santa Clara, CA) 8-bit medium speed off-chip A/D converter 
ADC0820 was used in this design. Using a half-flash conversion technique, the 8-bit 
ADC0820 CMOS A/D offers a 1.5 ps conversion time and dissipates only 75 mW of power. 
The input to the ADC0820 is tracked and held by the input sampling circuitry eliminating the 
need for an external sample-and-hold for signals changing in less than lOOmV/jus. For ease of 
interface to microprocessors, the ADC0820 has been designed to appear as a memory location 
or I/O port without the need for external interfacing logic (National Semiconductor, 2001). 
ADC0820 has two working modes: RD mode and WR-RD mode. RD mode was considered 
in this design by pulling the pin of Mode down to ground. Tri-state buffers are necessary 
interfacing between the parallel port of MCF5307 and ADC0820. Octal tri-state buffer 
MC74LC244DW (Motorola, Austin, TX) was used here as the buffers between ADC and 
parallel port. For each neural recording channel, the sampling rate of this testing system is 40 
kHz, which is high enough for a faithful reproduction of the measured analog action 
potentials. By polling the data-ready bit on ADC0820, the ready-to-transmit data on the data 
bus of ADC0820 can be accessed from the parallel port (PP) of MCF5307. 

5.4. Serial Communication 

Asynchronous serial communication with RS-232C was used to transmit data from the 
MCF5307 microcontroller system to a client PC. The MCF5307 contains two universal 
asynchronous/synchronous receiver/transmitters (UARTs), which act independently. Each 
UART is clocked by the system clock, eliminating the need for an external crystal. The 
UART module interfaces directly to the CPU. The asynchronous serial communication runs 
at 19200 bps baud rate with the frame format of non-parity, 8-bit data and 1-bit stop. 
MC145407DW (Motorola, Austin, TX) was used to interface the RS-232 voltage level with 
the TTL/CMOS compatible logic levels of MCF5307. 


6. Electrical Tests 

The operation of the biosensor chip and testing workbench was demonstrated by the 
electrical testing experiment. The electrical test was performed with the petri dish filled with 
0.5M NaCl solution. The biopotential signal was then emulated using the D/A function of 
PCI-DAS 1002 (Measurement Computing, Norton, MA) in the platform of Matlab Simulink 
Real Time Workshop (Math Works, 1997). Hodgkin-Huxley neuron model was used as the 
mathematical model of biological neurons to generate the numerical data of the biopotential 
signal (Hodgkin and Huxley, 1952). Band-limited white noise was added to the biopotential 
data generated by Hodgkin-Huxley neuron model. Figure 9 depicts the electrical testing 
results of the emulated neural signal. The electrical testing results illustrated in Figure 9 
demonstrate the full system functionality. 
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Figure 9. Measured biopotential output voltage when an emulated action potential signal applied for 
electrical testing of the biosensor chip. 

We can use the biosensor chip to test the electrode-neuron interface, which permits 
modeling of the interface and calculation of the internal cell potentials based on the array 
contact voltage measurements external to the nerve cell. We can obtain the electrode-neuron 
interface model parameters by injecting a test current pulse (8nA, 100 ms duration) into the 
sensing site of the addressed channel. A NMOS switch shields the preamplifier circuit from 
the test current coupling effect when the test current applies to the sensor. The 8nA current 
pulse is considered as a moderate to high amount of current in the realm of cellular 
neurophysiology (DiCecco et al., 2005). This current pulse charges the electrode-cell 
membrane interface capacitance. The system monitors the evoked contact voltage. A passive 
RC circuit model for this type of electrode-cell (electrolyte) interface has been proposed by 
Kovacs (Kovacs, 1994). The RC model for the interface impedance can be determined from 
the voltage changing rate and its steady state value. More detail reports will be published in 
forthcoming papers with the more biosensor testing related focus. 


7. Biological Tests 

The extracellular neural recordings were conducted with neurons from Aplysia 
californica , an invertebrate of the phylum mollusca and the class gastropoda (DiCecco and 
Sun, 2005). The invertebrate central nervous system is ideally suited for the biological testing 
of the biosensor chip, as the comparative size of the individual neuron is large enough, on the 
order of 200 to 400 pm (DiCecco and Sun, 2005), for the extracellular neural recording of the 
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action potential with the multi-channel biosensor chip described above. The experimental 
neurons were prepared by the dissection of Aplysia californica with the circulation of filtered 
seawater. The neurons extracted from Aplysia californica were cultured for two days before 
the biological measurement. During the in vitro recordings, the neural reference electrode 
contacts were tied to the ground rail in order to ground the subject on the reference and 
prevent offset saturation (Won et al., 2002). A 600 ms square voltage pulse with 500 mV 
peak to peak as the stimulus was applied to the neurons in the culture chamber through the 
external stimulating electrodes. The resulting biopotential signals measured on a selected 
microelectrode sensor channel are shown in Figure 10. 
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Figure 10. Measured action potential signals from Aplysia californica with the biosensor system. 


8. Conclusion 

In this research work we presented the circuit design, layout, packaging and testing for a 
full-customized multi-channel biopotential sensor chip based on AMI C5 0.5 pm two poly 
layers and three metal layers CMOS process. This biosensor allows the measurement of 
propagation of action potential in a nerve cell. This biosensor system is structured in a 
hierarchy design where a repeatable module comprises of the planar microelectrode sensor, 
preamplifier buffer and the channel addressing control unit. This system offers performance 
that is competitive to commercial systems. Integrated with the firmware based on the 
ColdFire MCF5307 microprocessor system, the biosensor provides a satisfactory signal-to- 
noise ratio for neural signals with amplitudes of order 50pV to 2 mV peak-to-peak and the 
frequency spectrum in the range of 100Hz - 10kHz. We demonstrated the full functionality of 
all components of this biopotential measurement system. Biological tests show that this 
biosensor chip is capable of highly precise measurement of action potential signals from 
excitable cells using Aplysia californica. 
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Abstract 

The present work describes a bio-inspired approach designed to solve some tasks raised in the 
‘Bionic Eyeglass Project’ [1], which aims to help the everyday life of blind or visually 
impaired people. The purpose of this approach is to provide a specific kind of information or 
to determine the region of interest (“ROI”) in a low-resolution and unstable video flow 
recorded with a mobile phone by the visually impaired person. In the present paper we 
introduce a new stabilization method and three different tasks are resolved: firstly, locating 
LED (light-emitting diode) indicators, secondly, locating traffic signs, and thirdly, deciding 
whether there is any switched-on lamp in a room. The test database has been made out of real- 
life scenes. We provide detailed evaluation results referring to the execution of those tasks. 

Our descriptive context refers to the recently modeled mammalian retina channel 
decomposition [2]. Using it we can avoid - at least partially - the classical difficulty that image 
processing algorithms nowadays face, namely that the intensity or color values of the same 
object largely depend on the actual lighting conditions. A further difficulty referring to the 
lamp-detection is that the solution has to be completely independent of the input’s actual 
brightness. The method we introduce relies only on a single retina channel and achieves a very 
high accuracy: the ratio of the correct answers is around 99%. The other two tasks are to carry 
out an approximately real-time ROI-detection algorithm based solely on image information 
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from an unstable low-resolution video-flow containing complex real-life scenes with 
unconstrained lighting conditions. The accuracy of the introduced methods is around 80%. 

We also make use of a stabilization algorithm designed especially for this project. In order to 
yield the desired information, we process channel-data as well as saliency maps. The 
presented method can be useful in a variety of other application areas. 

Keywords: Video flow stabilization, retina channel, CNN, Cellular Wave Computing, region 
of interest, saliency map 


1. Introduction 

Although an encouraging progress has been already achieved concerning retinal 
prostheses, the everyday usage of the related techniques still seems to be remote. Until then, 
and in many other situations, different methods should help the everyday life of the blind or 
visually impaired people. This paper describes a bio-inspired method aiming to locate those 
regions in the visual scene that, with a high probability, contain important information for 
visually impaired people - that is: to define the Region of Interest (ROI) in an unstable, low 
resolution video input. For this purpose, we also use the mammalian retina channel 
decomposition. After locating the regions that include the required information, according to 
the actual task, different pattern-detection or object recognition algorithms can be used. 
Similar situations arise at some other blind navigation tasks, in robotics, and other 
applications. 

In this stage of the project, the input comes from a mobile phone’s video camera in 176 x 
144 pixel resolution, but the phone is now being extended by a Cellular Visual 
Microprocessor . The diversity of interesting tasks as well as the construction of the required 
database has been compiled with the help of members of the ‘Hungarian National Association 
of Blind and Visually Impaired People’ [1]. In this paper we present efficient new algorithms 
for: 


• Finding light sources (lamps) - this task (although it seems to be a trivial ‘problem’ 
for a person with normal vision), could prevent annoyance for visually impaired 
people, for example, by preventing the lamps to remain switched-on for weeks after a 
guest. 

Here, the most important criterion is that the solution has to be independent from the 
input’s actual brightness, that is, the accuracy should be the same in the case of a sun¬ 
drenched and a dark room. 

• Locating LED indicators (in real-life indoor and outdoor scenes) 

• Finding traffic signs in real-life street scenes. 

The main purpose of these two latter tasks are to realize a fast method that locates the 
areas which contain the traffic signs / LED indicators with high probability, on complex 
real-life outdoor scenes. Subsequently, a classifier algorithm has to analyze only the 
located ROIs instead of the whole input, which can fasten up the whole process 
significantly. The main difficulties derive from the instability of the by-default bad- 


This visual microprocessor is the Q-Eye in the Eye-RIS system: www.anafocus.com 
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resolution input, the unconstrained lighting conditions, and from the variety of the 
possible inputs. 

The algorithms’ main functional components are: video stabilization, retina channel 
decomposition, (or “low-level feature extraction”), and saliency map generation. 

A summarizing flow chart can be seen on figure 1. 



Figure 1. The flow chart of the proposed method. The input is a strongly unstable, low resolution video 
flow coming from a mobile phone’s camera held by a visually impaired person. The output can be: 
Regions of interest (e.g. locations of LED indicators, traffic signs), or Specific information (e.g. is there 
any switched-on lamp).The dashed line shows an optional information combination step (raised in the 
task of locating traffic signs, where retina channel data and saliency map data had been combined, see 
section 2.3.1) 
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2. The Proposed Method 

Figure 1 summarizes the algorithm. The input of the whole process is an image flow 
taken by a mobile phone extended with a Cellular Visual Microprocessor, and the output 
consists of audio information for the person using the equipment. The present paper does not 
deal with the methodology of transformation of the demanded information into audio format, 
but with the problem of locating the demanded information within a video flow. 

These steps are described in detail in the following sections. 


2.1. Stabilizing the Input Frame 

Image flows provided by a camera held by a blind walking person are usually extremely 
noisy and unstable, often accompanied by fast, unexpected camera motions. The recording 
equipment (camera) can be 

• rotated 

• shifted in the vertical and horizontal direction, and 

• transported in the direction of motion. 

Additionally, often the picture’s main objects shift significantly from one frame to 
another, e.g. during turning around. 

The goal of the image stabilization step is to keep the steady objects (e.g. buildings) in 
the same pixel positions, while the moving objects (for example the pedestrians) can change 
position. 

It is useful to define the transformation-parameters between adjacent frames, instead of 
estimating the difference between the reference frame and the actual frame. In this manner, it 
is possible to trace bigger deformations throughout longer frame-series. Then, the calculated 
transformation ‘inherits’ from frame to frame, as follows: 



Figure 2. The flow chart diagram of the stabilization. The input (left hand side, top of the picture) is an 
unstable video-flow coming from a mobile phone’s camera. The output of this algorithm is the 
stabilized video flow (left hand side, bottom of the picture; Details in section 2.2). The goal is to keep 
the steady objects (e.g. buildings) in the same pixel positions, while the moving objects (e.g. 
pedestrians) can change position. 
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If the actual reference frame is the i one, then the P/+kj vector contains the 
transformation parameters between the actual frame i+k and the reference frame i. In the next 
step, the vector Pi+k+i, i+k is calculated, which contains the transformation values between the 
actual adjacent frames: i+k+1 and i+k. Then Pi+k+i, / = Pi+k, / © Pi+k+i, i+k will be updated, and 
will comprise of the differences accumulated throughout the k+1 frames that have been 
captured since the last reference-frame updating. 

Figure 2 depicts the flow chart of the stabilization. (See also [3, 4]) The key element in it, 
is how the transformation parameters are defined (we highlighted this step with a bit darker 
shade on the diagram). 

We have estimated the transformation parameters between frames i and i+1 as follows: 

Let / denote the image intensity function , which is the intensity value at x-y coordinate 
position at time t. [5] ( f= f(x, y, t)) Thus: 

df df df 

- — = — u + — v (1) 

dt dx dy 

where df/dx and dfldy are the spatial gradients in x and y directions, and dfldt is the time 
gradient. Since these quantities are measurable, using equation (1), u and v can be defined, 
which are the velocities in x and y directions, respectively. (The unit can be pixel/frame.) 
Since the frames are not only translated, u and v differ for every single pixel position. To 
estimate these, we have used an affine transformation model, which can handle translation, 
scaling, rotation and shear: [3] 


u 

v 






where 


a 0 

b o 


defines the translation in x and y directions, 


and 




describes the scaling, rotation and shear. 


Finally, for every frame, the following matrix-equation has to be solved, where the vector 
P contains the six parameters: a 0 , aj , < 22 , b 0 , bj, b 2 , which describes the transformation. 


p= + •(-/,) 


A and I t contain the intensity gradients and the general coordinates, the sign ‘+’ denotes 
pseudo inverse. For the detailed definitions and derivations, see the Appendix. 


2.2. Retinal Output Channels 

This section describes the background and the usage of the retinal output channels. We 

use: 
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• Seven “spatio-temporal” channels (which are the ‘Transient’, Local Edge Detector, 
‘Bistratified’, ‘Alpha’, ‘Beta’, ‘Delta’ and the ‘Polar’ channels) [6,2]. 

• Three color channels (which are the Intensity and the two color opposition channels): 
(“R” is the red value in the RGB system, “G” is the green, and “B” is the blue) [7]: 

o Red-Green opponent = R-G 
o Blue-Yellow opponent = B - (R + G) / 2 
o Intensity = 0.18*R + 0.81 *G + 0.01 *B 

Systems designed to retrieve information of visual input often use some kind of “low 
level visual feature-extraction” before further processing. The main reason for this is that, 
otherwise, the appearance of the different objects bewilderingly depends on the 
illumination, perspective, scaling and other actual circumstances. That is, the same object 
can have completely different intensity- or color values according to some accidental 
conditions. 

The mammalian nervous system also applies this ‘trick’: it dissolves the visual 
information simultaneously in approximately a dozen different specialized channels, each 
coding different low level features [8]. Their exact function is defined by certain ganglion-cell 
types [6]. These spatio-temporal channels arise in the retina and persist up to the high brain 
areas, while performing several processing steps. 

Our model includes all the ten, biologically measured [6] and artificially modeled [2] 
channels. This means that we take into account three time-independent (one intensity and 
two color opposition channels) as well as seven “spatio-temporal” channels. Although some 
basics are known, the method specifying how the colors are being processed is mainly 
undiscovered. From the viewpoint of the realization, we have applied what is known by the 
present: the Intensity channel is calculated as: 0.18*R + 0.81*G + 0.01*B [7], the red-green 
opponent channel is the difference between the red-value and the green-value, while the 
blue-yellow is calculated like “blue - (red + green) / 2”, as described above. 

The seven parallel pathways have the same design; they only differ in the parameters that 
determine their distinct spatio-temporal characteristics [6, 2, 11]. For these channels, a 
neuromorphic model has been created, based on Cellular Neural/Nonlinear Network (CNN) 
architecture [9, 10]. In this, the basic processing principles of the retina have been kept, but in 
a simplified form. We mention that choosing a CNN simulator has been plausible because of 
the striking similarity between the CNN structure and the living retina layers. 

The exact retina channel model we have taken as a basis is detailed in [2]. 

Figure 3 shows a snapshot of the ten retina channels for a natural scene. Interesting to 
notice, that only half of the channels’ function is known, in the sense that the aim of the 
process of the remaining five channels could not be formulated explicitly, at least up to 
present. Thus: the Transient channel filters out everything that is in motion and eliminates all 
the steady parts [11], the Intensity channel codes the intensity, as its’ name presumes, the 
Blue-Yellow and the Red-Green are color opposition channels, and finally the ‘LED’ is for 
‘Focal Edge Detector’, whose role is to emphasize the edges. The function of the Bistratified, 
Polar, Alpha, Beta and Delta are unknown, they are primary named after the ganglion cells 
that code them. 
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Figure. 3. An example for the ten retina channels. The input image (first picture) is processed by ten 
different pathways resulting in ten ganglion-cell types which form the ten retina channels [6]. The 
second picture in the first row (next to the input image) is the output of the “transient” channel which 
filters out the mobile parts of the visual scene and removes all the steady sections: at this moment the 
walking girl triggers the only response. Normally this is one of the ‘strongest’ channels. The last image 
in the first row depicts the output of the “intensity” channel. In the second row we can see the blue- 
yellow- and the red-green contrast channels (these are the color opposition channels), the LED (local 
edge detector) and the “bistratified” channels. The functions of the channels depicted in the third row 
(alpha-, beta-, delta- and polar) are unknown at present (in the sense that we can not ‘phrase’ their 
function), as well as the bistratified channel’s task. Note that many of these channels can not be 
represented by still images or still inputs. 


2.3. Receptive Fields and Saliency Maps for the Depiction of Regions 
of Interest 

Saliency maps are two-dimensional, scalar maps of the physical world, whose activity 
topographically represent visual conspicuity. In most attentional models, every channel 
creates its’ own saliency map, which is feature-dependent (the feature refers to what the given 
channel codes). Those saliency maps are afterwards usually unified into a final “master” map, 
which is thus feature-independent [12]. This process can be used effectively in different real 
applications as well. 

In nature, saliency is “calculated” via receptive fields (RF), in which neurons are 
organized into concentric circles: a central and a peripheral part, which respond 
antagonistically. If the central part of an ON-center - OFF surrounding RF is stimulated with 
light, the RF’s response will increase, while if the light falls onto the surrounding part, then 
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the response will decrease. If both parts are exposed to light, then there will be no change in 
the ganglion cells’ response [7]. 

Practically, from an engineering viewpoint, a saliency map is a retina channel output (or 
the result of the ‘low level visual feature extraction’) convolved with a receptive field. RFs 
can be represented in matrix form. 

As an example of the used receptive fields, we show how we have determined the 
optimal RF in the task of finding traffic signs. The outcome is depicted on figure 4. 



size of the 
object to tind= 
= the inner 
diameter of 
the RF’ 

(in viewing 
angle) 



Dt =25 pixel 

r 1 -"V 

J) b = 13 pixel . 
W b = C/153 

' r r 

Sb=2pixel 


W k = -C/408 






0 0 



Figure 4. Receptive field adjusted for the task of finding traffic signs. Figure a): the inner diameter of 
the receptive field and the size of the searched object should be the same in viewing angle. This 
criterion helps to determine the size of the RF. b) and c)\ the resultant; On c) the height and the depth 
are proportional to the weights, which have - due to the antagonistical behaviour of the RF’s inner and 
outer part - opposite sign. The zero level is emphasized with purple line. 


• The size of the receptive field is determined as follows: 


o from one hand, the viewing-angle of the mobile phone is -45°, which occupies 
176 pixels. This means, that roughly 3.9 pixels cover 1°. 
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o from the other hand, on the video flow, the size of an object depends on its 

distance. Namely, its’ size in viewing angle is tg = rac ^ us - - Q ^J ect 

distance 

(figure 4 a). So, if we want to set the sensing-distance of a 45 cm diameter 
(0.225 m radius) traffic sign for -7-8 m, then it covers a bit more than 3.3°. 
Thus, the optimal inner diameter of the receptive field is 13 pixels, (figure 4 (a) 
and ( b )) 

o The outer size of the RF has been adjusted according to ‘real’ RFs, in which the 
inner part covers around the half of the whole RF in viewing angle. 


The values of the matrix have to satisfy the criteria of 


o giving maximal response if antagonistic stimuli hit the RF’s inner and outer area 
o giving no answer if the input image-region contains equal values - that is, in 
case of uniform lighting. 

The maximal value is arbitrary, since it is only a constant multiplier (“C” on figure 4 

m 

2.3.1. Locating Traffic Signs 


The main purpose of the present algorithm is to realize a fast method locating the areas 
which contain traffic signs with high probability, on complex real-life outdoor scenes. The 
main difficulties derive from the instability of the input - which has by default bad resolution 
- and from the fact that the lighting circumstances can vary on a wide range. 

Traffic signs - due to their color and shape design - can effectively be detected by circle¬ 
shaped receptive fields on color opposition channels. For solving this task, we have used the 
RF determined in the previous section (figure 4 b) on the Blue-Yellow color opposition 
channel. According to the experiments, rooftops and building walls often effectuate salient 
areas with the blue sky, something that can lead to false results. In order to avoid these errors, 
we have applied the Delta channel’s data as well: since it gives a vivid response on light 
sources, only those regions have been taken into account, where this channel has given a 
smaller response than a given threshold. 

Figure 5 shows some typical frames from the test database. The distortions of the 
input frames are due to the stabilization method. Important to note, that this method does 
not exploit any additional information or knowledge (for example, that traffic signs are 
primarily expected in a given height), thus with the guidance of the equipment the results 
can be further improved. According to the test results, the main error sources have been: 
from one hand, shadow , which leads to false negative results because of the loss of color 
information (figure 5 c), and from other hand, objects with ‘appropriate’ size and vivid 
colors, which lead to false positive results (figure 5 d). Important to note, that - because 
of the lack of a commonly accepted test database for these problems - the evaluated 
information significantly depends on the test database. Tables 1 and 2 show our test 
results. 
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Bitmap sequence Blue - Yellow opponency Delta 



I c) 


Bitmap sequence Blue - Yellow opponenc' r ' Delta 



Figure 5. Some typical frames from the test database we have used to evaluate the task aiming to locate 
traffic signs. In all the four rows, the left-most image is a frame from the input video flow with the 
areas identified as traffic signs (white circles). The other two images in each row are the corresponding 
outputs of the used channels: the middle ones are the Blue-Yellow color opposition channels’ output 
and the right ones are the response of the Delta channel, a) and b) are examples for correct results, c) 
The prime cause of the false negative answers (when the sign is not located) was due to the loss of the 
color information, which happened when the sign was in shadow. On figure c) the blue arrow points to 
a traffic sign being in shadow. (These signs are difficult to see even with “pure eyes”) From closer they 
can be identified: b) is the same as c) from a few meters nearer), d) depicts the typical reason for false 
positive results: vivid colors with the ‘appropriate size’. The input frames are distorted because of the 
stabilization. Table 1 and 2 indicate the test results. 
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Table 1. The results for the task: “Locating traffic signs”. “Correct” answer means that 
EITHER the input frame has no traffic signs on it and there are no located areas on the 
output either, OR, there is at least one sign on the input and there are located areas on 
the output as well. The test video set included 916 real-life frames from different 

locations and with different lighting conditions 


(frame percentage) 

Correct answer 

False answer 

There is traffic sign on the 
input video frame 
(total 502 frames) 

73.7% 

(370 frames out of 502 frames) 

26.3% 

(132 frames out of 502 
frames) 

There is no traffic sign on the 
input video frame 
(total 414 frames) 

95.4% 

(395 frames out of 414 frames) 

4.6% 

(19 frames out of 414 frames) 

Total 

(916 frames) 

83.5% 

(765 frames out of 916 
frames) 

16.5% 

(151 frames out of 916 
frames) 


Since Table 1 does not indicate the accuracy of the located areas (“ROIs”), we provide 
another table (Table 2) showing these results. 


Table 2. The accuracy of the identified locations. Only those frames are included, where 
there was at least one located area. A ROI is “correct” if there is a traffic sign at that 
very location, and “incorrect” otherwise. Thus, an answer belonging to one single frame 
can contain both correct and incorrect locations (see for example figure 5 d) 



Correctly identified locations 

Incorrectly identified 
locations 

Altogether 490 
located areas 

73.7% 

(361 ROIs out of 490) 

26.3% 

(129ROIs out of 490) 


2.3.3. Finding Light Sources 

A trivial matter for people with normal vision but often a hard task for the blind ones, is 
to detect whether the lamps are switched on or switched off - for example after guests. 
According to our consultant from the “Hungarian National Association of Blind and Visually 
Impaired People” - with whom the tasks has been defined together - an algorithm solving 
this task could prevent much annoyance. 

Here, the most important criterion is that the solution has to be independent of the input’s 
actual brightness, that is, its’ reliability should be the same in the case of a sun-drenched room 
and a dark cell. 

The solution for this subtask differs from the former one in the sense that here we rely 
merely on retina channel information - instead of saliency maps. One channel proved to be 
enough for this task, namely the “Polar” channel, which seems to respond on light sources [2, 
6] (figure 6). It gives strong reaction on primary light sources, both for natural (sun) and 
artificial ones (lamps) - and, to reflecting surfaces as well (mirrors, glass-tables, etc.) which 
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cause a small error rate. Still, the accuracy this channel enables is very high: the ratio of the 
correct answers reaches 98-99% (see Table 3). 

Since this channel responds on natural light sources as well (Figure 6 c), the user is 
supposed to know where the window is, but this is not a real restriction in every-day practice. 
Otherwise, precise knowledge about the location of the lamp(s) is not a demand, since the 
visual environment can be scanned. 



Figure 6. The “Polar” channel responds on light sources, both for natural (c) and for artificial ones (d). 
The pictures are taken from the test video set. All the four figures show the input on the left, and the 
corresponding output of the Polar channel, on the right, (a) and (b) : a part of a bright room in day light; 
the Polar channel is basically silent, (d) had been recorded a few seconds after (b): the lamp is switched 
on, the Polar channel is excited. (The exclamation mark between the two channels indicates that the 
answer is: “there is light source on the input”.) The Polar channel enables very high reliability for this 
task (see table). 


Table 3. The test results of the algorithm aiming to detect primary light sources, 
independently from the brightness of the input, or in other words, from the intensity 
values. The process is based on one of the mammalian retina channels (namely the 
“Polar” channel [2]), which reacts on light sources. The small error is due to reflecting 
surfaces (a glass table in our case). These values are based on the evaluation of test 
videos made on shiny rooms, including 1563 frames together 



Correct answer 

False answer 

There is light source on the 
input video frame 

98.8% 

1.2% 

There is no light source on 
the input video frame 

99.38% 

0.62% 
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According to the experiments, the Polar channel saturates (gives maximal response) on 
those areas where primary light sources are present, and give no answer elsewhere (Figure 6). 
It follows that the accuracy of the algorithm is completely independent of the quality of the 
input video-flow, and also, it does not depend on the brightness either. The results depicted in 
table 3 are based on test videos made in sunshiny rooms. 

2.3.4. Locating LED Indicators 

In many public buildings, offices and transport vehicles basic information is transmitted 
by LED indicators. The aim of this method again is to carry out a fast solution that localizes 
the areas that contain the indicators in question with high probability, on various indoor and 
outdoor real-life scenes. The main difficulty - except the bad resolution and the instability - 
originates from the variety of the possible inputs. 

Table 4. The results for the task: “finding LED indicators”. The values are based on the 
evaluation of 1207 frames. First row first column is the correct positive (96,6%), second 
row first column is the correct negative result (41%). The test database included 
complex real-life scenes with different lighting conditions, colored and reflecting areas 
and colored lamps. As it turned out, the algorithm in not sensitive to the quality of the 
input (resolution), to the lighting conditions and colors, either to the reflecting areas, but 
it is sensitive to colored lamps - which the few frames (total 256) that did not contain 
LED happened to teemed in. The bad results are due to these lamps (Figure 8 b). In the 
third row (“Total”), all the frames are counted, that is, “correct answer” indicates the 
percentage of the frames where either the input included LED indicator (one or more) 
and the output was at least one located area, or the input did not include LED indicator 
and the output had no located areas. Accordingly, the line “False” indicates the rest. 

The percentage means frame percentage 



Correct answer 

False answer 

There is LED indicator on 
the input video frame 
(total 951 frames) 

96.6% 

(919 frames out of 951 frames) 

3.4% 

(32 frames out of 951 frames) 

There is no LED indicator on 
the input video frame 
(total 256 frames) 

41% 

(105 frames out of 256 frames) 

59% 

(151 frames out of 256 frames) 

Total 

(1207 frames) 

84.83% 

(1024 frames out of 1207 
frames) 

15.17% 

(183 frames out of 1207 
frames) 


The test video set we have used includes multifarious scenes including different public 
and private places. Some of these can be seen on Figure 7 and 9. On Figure 7 we have also 
visualized those three channels that we have used for solving this task. These are the two 
color-opposition channels (blue-yellow and red-green) and the Delta channel. The function of 
the Delta channel has not yet been precisely formulated up to present (see above), but 
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according to the observations, it gives significant response for small or fragile light sources as 
well (similarly to strong light sources). 

From here, the selection algorithm is the following: if on a given location at least one of 
the two color opposition channels gave bigger response than a certain threshold, then a 
“fitness - value” would be calculated, being directly proportional to the three channel-data at 
the given point. Afterwards these values would be arranged into descending order, and the 
first few locations would be the solution for the given frame, that is regions that the algorithm 
defines as presumptive LED locations. 

Table 4 shows the results we have measured on this task. The results are based on the 
evaluation of 1207 frames. We have tested our method on real-life scenes, taken from 
different areas with various lighting conditions, reflecting areas, light sources, colors, etc. As 
it turned out, the algorithm is not sensitive to the quality of the input (e.g. resolution), to the 
lighting conditions or colors, either to the reflecting areas, but it is sensitive to colored lamps 
- which is not surprising since LEDs basically are small colored lamps, until no further 
object or pattern recognition algorithm is used. 

Since the input frame may contain more than one LED indicator, and also, the output can 
be more than one located region (see Figure 7 and 8), the evaluation of this task - similarly to 
the task of finding traffic signs - is not as straightforward as in the previous task, where the 
answer was binary (“there IS light source on the input’’/“there is NO light source on the 
input”). Thus we give another table as well, which indicates the correctness of the locations 
which the algorithm has given as solutions. In contrast with table 4, table 5 depicts ROI 
percentage instead of frame percentage, that is, the ratio of the correct and false located areas. 
Only those frames are included, where there was at least one located area. 



Bitmap sequence blue - Yellow opponency Hed-breen op:onency uelta 



(B) 

Figure 7. Two frames of the test database for the task “finding LED indicators”. The left-most pictures 
in both lines show the input with the identified locations on them. The other three pictures belong to 
those channels, whose data has been used in the execution of the task. These are the red-green and blue- 
yellow color opposition channels and the Delta channel, (a) LEDs belonging to a hi-fi set in a room. 
The various reflecting surfaces do not confuse the algorithm, (b) corridors in the university. 
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Figure 8. Some frames from the videos that we have used for testing the algorithm that finds LED 
indicators, a) rack-railway from the inside (these indicators show the name of the next stop and the 
actual time) b) a colored decorating lamp (left) and a LED indicator (right) showing the floor-number 
on a lift-panel in a department store, c) tram interior. 


Table 5. The accuracy of the identified locations. Only those frames are included, where 
there was at least one located area. A ROI is “correct” if there were a LED indicator at 
that very location, and “incorrect” otherwise. Thus, an answer belonging to one single 
frame can contain both correct and incorrect locations (see for example Figure 8 b, 
where the marking of the colored lamp is incorrect (left hand side, top of the picture), 
while the sign on the elevator panel is correct - right hand side, top of the picture) 



Correctly identified locations 

Incorrectly identified 
locations 

Altogether 2075 
located areas 

81.36% 

(1688 ROIs out of 2075) 

18.64% 

(387 ROIs out of 2075) 


4. Future Tasks 

• During walking, a camera held in a hand, makes a quasi-periodic motion. Most of the 
people have their own way of “swinging” the phone, thus the transformation- 
parameters (vertical/horizontal shifts, the angle of the rotation, etc.) characterizes the 
certain users. These quasi-periodic parameter values could be learned during a 
certain amount of frames (and could even be adjusted during the entire usage), thus 
they become predictable for a given user. In this manner, by taking the predicted 
transformation values into account, the quality of the stabilization can be improved. 

• The model described in this paper is attentional in the sense that it locates regions on 
the input where something important appears. Naturally arises the possibility of 
applying a more elaborated pattern or object recognition algorithm onto the selected 
area. 

• Many possibilities lie in the retina channel decomposition. Thus, the further 
investigation of the individual channels can lead to a promising basis for different 
scene analyzer and object recognition algorithms. For example, some time-dependent 
channel (primarily the Transient, Beta and the Bistratified channels) seem to play an 
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important role in separating the different objects from each other - although, this area 
needs further investigations. 

• In a more elaborated version, the threshold values can be adjusted by a learning 
algorithm, and also could be adaptive according to the different scenes and tasks. 
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Appendix 


The Normal Flow Algorithm 

To estimate the instantaneous velocity field we model the motion image by a continuous 
variation of image intensity as a function of position and time. The intensity value on position 
(x, y) at time t is described by the f(x, y, t) intensity function. 

If we expand this function in a Taylor series we get: 

df df df 

f{x + dx , y + dy , t + dt) = f (x, y , t ) H- dx H- dy H- dt + HT (Al) 

dx dy dt 


where ‘HT’ is for higher-order terms, which are usually ignored. 

The crucial observation that is exploited, is that if the image at some time t+dt is a result 
of the original image at time t being moved translationally by dx and dy , then 


fix + dx,y + dy, t + dt) = f(x, y, t ) 


(A2) 


Thus, from equations (Al) and (A2) we get: 


df , df , df , 

0 = — dx H- dy H- dt , or, in other form: 


dx dy 


dt 


df df df 

—, — , and — are measurable quantities, while 

dt dx dy 

namely the velocity in x and y directions. 


df df dx df dy 

— J — = -d- -+ ^—A ( A3 ) 

dt dx dt dy dt 

A and A are ,he quested values, 

dt dt 




Scene Analysis of Unstable Video Flows 


111 


dx dy . df df df 

Using the — = u and — = v notation, we get-= — u H-v, (A4) 

dt dt dt dx dy 


df 

or, equivantly,-= V/ -u , 

dt 

where V/ is the spatial gradient of the image and u=(u,v) is the velocity vector. 


The Calculation Steps 

df df df 

- Measured values : I x (= —) , / (= —), and I t (= —), the intensity gradients 

dx dy dt 


dx dy 

- Calculated values (the estimations): u(= —) and v(= —) 

dt dt 


With these notations (A4) will be, for every pixel: I x u + I y v + I t = 0 


(A5) 


The Measured Values 


The I x , I v spatial gradients can be determined with a convolution, where the kernel is the 
[-1 8 0-8 1] / 12 vector, which is a commonly used estimation in the literature [13]. 


(This kernel is applyed on the Gauss-filtered image, that is, we use the 
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as “A” 


template, accoring to the CNN terminology.) 

The I, time gradient is simply the difference between the two Gauss-filtered images. 

(As it follows from the above process, these values are defined for each and every pixels, 
so I x is not a scalar, but a matrix, and / v , I t similar.) 


Defining the Quested Paramteres 

For mapping function, we choose a linear affine transformation, which can handle shifts 
in x andy directions, scaling, rotation and shear, as next: 

u = a 0 + a x x + a 2 y (A6) 

v = b 0 + b { x + b 2 y 
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where ciq, aj, a, 2 , bo, bj and b 2 are the parameters of the transformation, which we want to 
determine. In the matrix-form of (A6), the meaning of these parameters can be followed 
better: 


u 


a 0 

+ 

a x 

a 2 

X 

V 


1 

_1 


A 

h b_ 

y_ 


(A7) 


a 0 



a 1 

defines the translation in x and y directions, while 

z 

A. 

A 

b b_ 


In this equation 


describes the scaling, rotation and shear. 

Thus, from (A5) and (A6), for every pixel we get: 


(«o + a x x + a 2 y)I x + ( b 0 + b x x + b 2 y)I + I t = 0 


(A8) 


which will be 
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where k (the number of rows) is the number of the pixels. 
With the notations: 


(A9) 
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we get 
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A- P = —I t , from where P = A- (— If) (A10) 

where ‘+’ denotes pseudo-inverse, and the P vector contains the transformation-parameters, 
which we were looking for. 
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Abstract 

This chapter focuses on the intrinsic charge transport in organic field-effect transistors 
(OFETs) based on self-assembled monolayers (SAMs) and on the nature of transport in 
organic systems, in which surface and bulk properties are undistinguishable due to scale of 
consistent materials. Recently developed SAM-OFETs are characterized by photovoltaic 
measurements. The dynamics of charge transport are determined and used to clarify a 
transport mechanism. Taken together, these SAM devices provide a unique tool to study the 
fundamentals of polaronic transport on organic surfaces and to discuss the SAM OFET 
performance. An outline is presented of the outstanding problems that are now becoming 
experimentally reachable owing to the development of SAM-OFETs. Vapor phase molecular 
self-assembly of 1,4,5,8-Naphthalene-tetracarboxylic diphenylimide (NTCDI) having a rich 
7i-stacking charge delivery system is used to enhance the performance of molecular field- 
effect devices. Charge mobility in SAM-OFET could achieve values of more than 30 cm V' 
V 1 . The dynamics of charge transport in NTCDI-derived SAM-OFETs were probed using 
time-resolved measurements in an NTCDI-derived photovoltaic cell device. Time-resolved 
photovoltaic studies allow us to separate the charge annihilation kinetics in the conductive 
NTCDI channel from the overall charge kinetic in a SAM-OFET device. It has been 
demonstrated that tuning of the type of conductivity in NTCDI SAM-OFET devices is 
possible by changing Si substrate doping. In addition, the possibility of measuring transport in 
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highly ordered SAM structures shines light on the polaron charge transfer in organic 
materials. Our study proposes that a cation-radical exchange (redox) mechanism is the major 
transport mechanism in SAM nanodevices. The role and contribution of the transport through 
delocalized states of redox active surface molecular aggregates of NTCDI are exposed and 
investigated in this chapter. 


Introduction 

1. OFETs: Achievements vs. Problems 

The invention of an organic donor-acceptor structural analog of a silicon p-n junction in 
1974 [1] marked the beginning of the intensive research in the field of molecular electronic 
devices. As a part of the semiconductor research area, this field has traditionally been closely 
related to applications, and is unique in the synergy between device development and 
fundamental science. The emergence of new approaches for molecular engineering is a vital 
requirement for progress in molecular electronics and should eventually lead to molecular 
devices with pre-designed properties that may compete with silicon technologies, especially 
due to the small size involved. In the last 10 years a number of different experimental 
strategies have been used to fabricate organic field effect transistors (OFETs) and to study 
electron transport in these devices. Despite the very impressive results in device fabrication 
and initial insight into device transport, the new field also brought many open questions [2, 
3]. One of the most complete analyses of this field could be found in a review by Frisbie et al. 
[4]. In the current chapter we will focus on kinetic studies in OFET structures with a pre¬ 
defined epitaxial order and on the development of adequate analytical tools to analyze charge 
transport in these structures. 

A lack of basic understanding of structure-property relationships in OFET materials (and 
in organic solids in general) results in a knowledge gap that impedes rational efforts to design 
organic semiconductors with further enhancements in electrical performance [4]. One of the 
major obstacles for achieving efficient OFET is the low charge mobility in most organic 
materials. This is an acute problem, since carrier mobilities in disordered organic 
semiconductor films are several orders of magnitude smaller than in inorganic 
semiconductors. In contrast, carrier mobility in organics could be dramatically enhanced in 
ordered structures, such as spontaneously ordered regio-regular polythiophene [RR-P3HT] 
films. However, the inherent problem of such ordered systems is the interchain coupling. The 
charge-transfer probability between charged polarons and bipolarons belonging to 
neighboring chains [5], along with high electron-phonon coupling and the Peierls transition, 
leads to charge trapping [6]. The strong coupling could result in low mobility and even induce 
pseudo-gaps [7]. In addition, disordered thin films of small organic-molecule-based electronic 
devices have considerable charge quenching due to carrier trapping at defects, and charge 
recombination at grain boundaries and interfaces that result in low electron mobility. The 
scope of questions about SAM-OFET systems provides a host of other unanswered issues, 
inherent in traditional OFET technology, including the following: What is the role of order- 
disorder interplay in search for good mobilities? In particular, how is crystalline or partially 
crystalline ordering involved in the transport mechanism in organic solids? What is an impact 
of the thin film technology on device properties [4]? What are the structural and electronic 
factors that facilitate or impede transport in organic semiconductor films? Are there particular 




Photocurrent Study of the Transport Mechanism... 


117 


molecular structures and crystal packing motifs that are especially favorable for transport? 
What is the role of film quality, defects and grain boundaries? Most of these unanswered 
questions are a direct consequence of the lack of basic knowledge in transport mechanisms in 
organic semiconductors. 

The other challenge in OFET fabrication is preparation of an efficient n-type conductive 
channel. OFETs based on n-channel (also commonly referred to as “n-type”) semiconductors 
conduct electrons and achieve their high conductivity “oh” state with positive gate voltages, 
whereas most OFETs (e.g., pentacene OFETs) are p-channel devices (i.e., they conduct holes) 
and turn on with negative gate voltages. The motivation for seeking good n-channel OFETs is 
that they enable complementary circuit design. Electrical engineers are proficient at 
developing low-power complementary circuits that utilize both positive and negative gate 
voltages to turn transistors on and off Consequently, the development of good n-channel 
OFETs with performance comparable to that of pentacene OFETs is a major goal for organic 
electronics. Relatively fewer n-type materials have also been reported, including C6o and its 
derivatives [8, 9], oliothiophene and its derivatives [10], copper hexadecafluorophthalo- 
cyanine [10], naphthalene diimides, and perylene diimides [11, 12, 13, 14]. However, some 
organic n-channel semiconductor materials cannot operate in air due to electron trapping by 
oxygen and carrier injection issues [15]. The approaches to achieve n-channel materials with 
air stability and high mobility have been reported by the incorporation with strong electron- 
withdrawing groups, such as -CN and -F [16, 17, 18]. Currently, the highest mobility of n- 
type organic semiconductor is obtained from a thiazole oligomer derivative (1.83 cm V" s" ) 

measured in a vacuum environment [19] or from a perylene diimide derivative with a 

2 11 

mobility of 0.64 cm V" s" measured in air. 

2. Analytical Tools to Study OFET Device Operation 

Lack of structure-property understanding is partly due to a shortage of adequate 
analytical tools to study OFET device operation. For example, at the current stage of 
development, mobility is still the most important characteristic in OFETs. Does an OFET 
device have a special structure, special organic-metal interface or a peculiar charge transport 
mechanism? Is it just a mobility in organics, or should the whole OFET device structure be 
optimized? The situation is complicated by the strong dependence of the current through the 
molecular junction on the nature of the chemical bond to the electrodes [20]. Chemically 
bounded to the semiconductor, molecules are likely to affect the energy and density of surface 
states and, therefore, the semiconductor band bending [21]. Furthermore, the presence of a 
dipolar layer at the semiconductor/metal interface can affect the barrier for electron transport 
inside the semiconductor [22, 23]. It is clear that OFET experimental results should be 
analyzed in terms of multiple mechanisms, and it is crucial to establish whether this is 
justified or if, in doing so, new mechanisms are ignored. It would be also very helpful to 
study independently charge injection into- and charge transport in the organic channel. 
However, the methods for observation and evaluation of such kinetics in organic devices at 
the component level have yet to be developed. 

Current state of the art employs varieties of Kelvin probe-derived techniques that are 
widely used to determine electron work function and bend banding in organic-inorganic 
heterostructures. UV photoemission and inverse photoemission spectroscopies (UPS, IPES) 
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are used to determine the position of the highest occupied and lowest unoccupied molecular 
orbitals (HOMO and LUMO, respectively). X-ray photoelectron spectroscopy (XPS) 
measurements served to estimate band bending. Comparison of these techniques with 
measured I-V characteristics enables one to determine mechanism(s), which control charge 
transfer in molecular diodes. These methods are static, since probing interfaces in time-scale 
compared to interface charge transfer is very challenging. Fast spectroscopy was applied to 
clarify dynamic of charge transfer in organic polymers, polymer-fullerenes and hybrid single- 
wall-carbon-nanotube strucrures and even in hybrid structures like dye-sensitized 
photovoltaic cells. Nevertheless, direct observation of complete dynamic of charge transfer in 
the interface is still far from the scope of these methods. A relatively simple and sensitive 
photocurrent method to probe transport mechanisms in organic ordered system in time 
resolved regime is introduced in this chapter. 

3. Self-assembly and SAM OFET Devices 

The way to achieve epitaxial control in organic devices is not trivial too. The transport 
mechanism in low-dimensional organic structures is intimately related to the ordering and 
dimensionality of the underlying electronic system, which may transform with the molecular 
packing [24]. Therefore, a systematic research in organic semiconducting materials and 
structures with controlled order is a pre-requirement for efficient OFET fabrication. This fine 
structural tuning is a very challenging goal since tunable organic epitaxial structures have not 
been studied at all, in contrast to inorganic semiconductors. We have developed such 
approach [25]. We explored ordered self assembled monolayer (SAM) structures of small 
molecules with the potential of high charge mobilities and low intermolecular interaction. 

SAMs [26, 27] are ordered assemblies of functional molecules, which are formed 
spontaneously on an appropriate surface and are typically used to modify surface properties 
of materials. The tendency of certain types of molecules to spontaneously form assemblies 
arises from their characteristic, amphiphilic chemical structure. Self-assembling molecules 
are typically composed of two groups: a head group which has high affinity for an appropriate 
surface and a tail group with a high affinity for similar tail groups of other, neighbouring 
molecules. When such molecules are brought in contact with the appropriate surface, the head 
groups of the molecules will physisorb or form a chemical bond to the surface 
(chemisorption). As the density of a SAM increases, the tail groups of the molecules on the 
surface will come closer and start to interact, typically giving rise to the order within the self- 
assembled monolayer. Often the molecules also contain a functional end group which allows 
further physical or chemical functionalization. Both the self-assembling and self-ordering 
properties of SAMs, combined with the presence of this functional end group and with the 
SAMs stability (due to the surface bond) are the keys to a wide range of possibilities and 
applications such as surface engineering and surface modification for controlling adhesion, 
corrosion, lubrication, (bio)chemical sensing and mimicking, etc. By choosing precursors 
with suitable physicochemical properties, it is possible to exert a fine control on the formation 
processes in order to obtain complex architectures. Clearly, when it comes to designing a 
synthesis strategy for a material the most important tool is the knowledge of the chemistry of 
the building units. SAM is a process that is easily influenced by external parameters. This can 
make synthesis more problematic due to the many free parameters that require control. On the 
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other hand, this has the exciting advantage that a large variety of shapes and functions on 
many length scales can be obtained [1]. 


4. NTCDI Thick Film and SAM OFETs 

NTCDI-derived compounds were already tried in organic devices, including thin and 
thick film OFETs [29, 30, 31, 32]. The highest mobilities of solution-processed n-type 
semiconductors were achieved from quaterthiophene [33] (0.2 cm V" s" ) measured in a 
vacuum and from naphthalene diimide (NTCDI) with a long-chain fluorinated alkyl group 
(0.01 cm 2 V" 1 s" 1 ) solution-processed in air by Katz et al. The highest n-channel mobilities of 

3 

these devices, which were based on NTCDI derivatives were calculated to be about 1.2 x 10' 
cm V" s" [34]. Direct fabrication of ordered organic structures as SAM and there 
incorporation in molecular device is still a challenging task, and only few reports are 
available. Several known and new SAM deposition and characterization techniques were 
explored and optimized to obtain the required, qualitative SAMs for use in organic thin-film 
transistors for a first time in ref. [35]. Various SAMs were then applied to different interfaces 
in SAM-OFETs, which allowed a better control of the morphology and properties of the 
organic semiconducting material. This resulted in a significant improvement of the electrical 
performance of the organic transistors and even enabled a new way to pattern the organic 
semiconductor. Alternatively, using a technique called ‘molecular layer epitaxy’ [36, 37], 
multilayer structures with 2D 7i-stacking and semiconducting properties have been obtained. 
This structures have been applied in organic light emission dioded (SAM-OLEDs), and in 

SAM-OFETs fabrication [38, 39]. A room-temperature electron mobility as high as 

2 11 

90 cm V" s" was reported using MLE [40]. The MLE technology is a vapor-phase oriented 
technique that allows the buildup of organic heterostructures via epitaxial growth of 
subsequent layers by interlayer covalent bonding. Vapor-phase self-assembly protocol for 
device fabrication introduced below is a modification of MLE approach used for new 
generation of SAM-OFETs. The same approach was used for a fabrication of SAM 
photovoltaic devises (SAM-PVC) to study photophysics of charge transfer phenomena in 
NTCDI channel and to model charge transport in NTCDI SAM-OFETs. 

5. Transport in NTCDI SAM OFETs 

This chapter is focused on self-assembled monolayres of small organic molecules with 
extended 7i-electron system, NTCDI, containing two benzene rings, four carboxyl groups and 
two anhydrides. These two anhydrides are used to connect NTCDI molecules to substrate by 
chemical imide bonds (out-of-plane bonding), while two adjacent NTCDI molecules held 
together in a solid monolyares by van der Waals forces (in-plane bonding). Weak van der 
Waals bonding in in-plane direction and weak intermolecular overlap of electronic orbitals 

lead to the narrow electronic bands (a typical bandwidth W-0.1 eV is two orders of 

2 

magnitude smaller than that in silicon) and the low mobility of charge carriers (ju -1-10 cm 
V" 1 s _1 at room temperature). Anisotropy of the transfer integrals between adjacent molecules 
reflects the low symmetry of the molecular packing. It is believed that the most adequate 
description of charge transport in these organic semiconductors is based on the concept of 
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polarons, molecular states with a correlation between the electronic and lattice degrees of 
freedom at the scale of the order of the lattice constant [41, 42, 43, 44]. 

After several decades of intensive research, our basic understanding of charge transport 
in small-molecule organic semiconductors remains limited [45]. The complexity of transport 
phenomena in these systems is caused by the polaronic nature of charge carriers and the 
strong interaction of the polarons with defects. OFETs are aimed to be used at room 
temperature. Therefore, the high-temperature polaronic transport should be developed. At 
room temperature, which is typically comparable to or even higher than the characteristic 
phonon energies, lattice vibrations might become sufficiently strong to destroy the 
translational symmetry of the lattice. In this regime the fluctuation amplitude of the transfer 
integral becomes of the same order of magnitude as its average value [46]. The band 
description breaks down, and a crossover from the transport in delocalized states to the 
incoherent hopping between localized states is predicted with temperature increase [47, 48, 
49, 50, 51, 52, 53]. While time-of-flight experiments demonstrated that a possibility of the 
intrinsic (not limited by static disorder) charge transport can be realized in the bulk of these 
crystals [54], the mechanism of the charge transport on the surface of organic semiconductors 
is less studied [55, 56, 57]. It is clear that in SAM-OFET devices field-induced charges 
should propagate along the interface between an SAM and a gate dielectric, which are true 
surface conditions. The differences in transport mechanism for surface and bulk media 
include: (i) the density of carriers , which in field-effect experiments can exceed that in bulk 
measurements by many orders of magnitude, approaching the regime when the intercharge 
distance becomes comparable with the size of polarons [58] (ii) motion of charge carriers in 
the field-induced conduction channel may be affected by the polarization of the gate 
dielectric [59], and (iii) molecular packing on the surface can also be different from that in 
the bulk. This chapter will expand the study of correlation between dynamic characteristics 
(time-of-flight measurements) and charge mobility in bulk crystals to the case of SAM system. 

Exploration of the polaronic transport on organic surfaces is crucial for a better 
understanding of fundamental processes that determine operation and ultimate performance of 
organic electronic devices. Fundamental research has been hampered by the lack of a proper 
tool for exploring the polaronic transport on surfaces of organic semiconductors. The most 
common organic electronic device whose operation relies on surface transport is the organic 
thin-film transistor. Over the past two decades a large effort in the development of OFETs has 
resulted in improvement of the characteristics of these devices [60], so that currently the best 
organic OFETs outperform the widely used amorphous silicon transistors. However, even in 
the best OFETs, charge transport is still dominated by the presence of structural defects and 
chemical impurities. 

6. The Scope of This Chapter 

In this chapter we present a brief overview of the experimental results obtained with 
NTCDI SAM-OFETs over the last eight years. Because we focus on the physics of electronic 
processes in these devices, many surface chemistry oriented issues will not be discussed here; 
we refer the reader to a bible of self-assembling by A. Ulman for details on SAM fabrication 
and characterization. This much-cited, definitive text has become the standard resource on the 
SAM topic worldwide. In the Materials and Methods section we briefly describe the SAM 




Photocurrent Study of the Transport Mechanism... 


121 


growth, OFET and organic photovoltaic cells (PVC) fabrication techniques and measurement 
techniques. The Results section focuses on the observation of intrinsic polaronic transport in 
SAM devices. Electronic mechanisms of charge transport are discussed in the Discussion 
section. The Conclusion section outlines several basic issues that are now starting to be 
experimentally reachable due to the development of SAM-OFETs and for which theoretical 
work is still to be done. 


Materials and Methods 

Several variations of SAM devices were studied for the same 1,4,5,8-Naphthalene - 
tetracarboxylic diphenylimide (NTCDI) SAM system to evaluate a transport mechanism in 
SAM-OFETs. These SAM devices are: (i) SAM-OFETs and (ii) hybrid self-assembled 
photovoltaic cells (SAM-PVC). SAM-PVC devices were fabricated on p-and n-Si substrate. 


1. Preparation of Organic Films 
Step-A 

SAM on SiC >2 and glass for SAM-OFET conductive channels and SAM-PVCs (Figure 1A). 
Thick, impermeable to light wafers of n-type (500 Q-cm, Virginia Semiconductors) Si(100) 
having 20 A of Si 02 coating and glass slides were cleaned and functionalized with amino 
groups ( step a ), Figure 1A as described in ref. [61]. In experiment, which was aimed to invert 
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Figure 1. Continued on next page. 
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Figure 1. Fabrication of SAM devices. (A) The three-step assembly of monomolecular films of NTCDI 
on oxides Si and Si 3 N 4 substrates (conductive channel at SAM-OFET and at SAM-PVC). (B) The two- 
step assembly of amino-coated template layer on Au electrodes used only for SAM-OFET source and 
drain. SAM of NTCDI was continued from stage b at panel A, following assembly of aminated 
template layer on Au. 

the conductivity type of NTCDI channel, a p-type Si(100) having 20 A of Si02 (100 Q-cm, 
Virginia Semiconductors) was used in addition to the n-type silicon wafers. NTCDA (1,4,5,8- 
naphthalene tetracarboxylic anhydride) evaporated at 110°C and reacted with the NH 2 - 
functionalized surface for 45 min in a Bell Jarr chamber at 10" 5 Torr ( step b). 

The product of assembly lacks the amino group preventing formation of the second layer. 
The substrate was kept on a heated sample holder (180°C) preventing physadsorption of the 
precursor. Vacuum deposition modified over 60% of the surface amino groups [ 6 2]. A layer 
of 4-aminophenylthiol was added within 20 min (step c). This reaction tops the surface with 
SH-groups reactive toward metals [63]. The chip was gently rinsed with 2-propanol and 
heated at 80°C for 1 h. A silver contact was placed on top of the films by placing a drop of 
colloidal silver in acetonitrile and allowing the solvent to evaporate; the area or the contact 
between the silver and the coated silicone was -3 mm 2 . 

Step-B 

SAM on Au electrodes for SAM-OFET source and drain (Figure 75)._First, a 3 mM 
solution of 3-chloro-l-propanethiol (Cl-Pr-SH) in ethanol was spin-coated on the OFET 
substrate to form AuS bonds (/ in Figure IB). The substrates were held under Ar flow for 20 
min after spin-coating and after that the substrates were rinsed with isopropyl alcohol and 
heated at 100°C for 1 h. Next, a 5 mM solution of 1,5-Diaminonaphtalene (DAN) in ethanol 
was spin coated on the surface followed by annealing at 100 °C for 1 h to form imine bonds 
with template layer (ii in Figure IB). The excess DAN was removed by an ethanol rinse and 
annealed at 100°C for 1 h. A self-assembly route described above for oxidize surface and 
depicted at Figure 1A was completed SAM-OFET device fabrication. Different self-assembly 
of template layers on OFET conductive channel, following step a in Figure 1A, and 
electrodes, following step ii in Figure IB insure formation of unified NTCDI layer across 
SAM-OFET surface and device integrity. 

In addition, few samples were prepared for SAM-PVC devices. Thick (-300 nm) films of 
NTCDA and C6-NTCDI were prepared by physadsorption of NTCDA on the cold 
functionalized surface of silicon. Sparse NTCDI films were obtained from thick films of 
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NTCDA by heat desorption of the excess of NTCDA followed by step c. Step B was not 
employed in SAM-PVC devices. 


2. Characterization of the NTCDI Monolayer 

A step-by-step buildup of the layers was characterized by contact angle (CA) changes, IR 
spectroscopy, XPS, and UV-vis spectroscopy. The results agree well with previous 
characterization of NTCDI SAM monolayers and are briefly summarized below. After step a, 
CA changed from 17° to 45°, and the appearance of the 3200 cm" 1 alkylamine IR peak was 
observed. The N (Is) XPS core level spectra showed a predominantly 398.8 eV (85%) peak 
on the amine surface because of the nonprotonated NH 2 -group [64]. The minor Nl(s) 
component at 400.6 eV is attributed to protonated NH 3 + (15%). The UV-vis spectrum of the 
film grown on the glass slide did not reveal any peaks. After step b, the CA changed from 45° 
to 92° and the 1655 cm" 1 IR peak of the imide bond formation was detected. In accord with 
previous studies [65], formation of imides on the surface results in disappearance of the 
majority of the original peaks at 400.6 eV (29%) and 399.8 eV and formation of a new single 
broad N(ls) peak at 399.6 eV (67%) because of formation of imido groups with a possible 
presence of amido groups [66] When step b was performed on a glass slide, two peaks 
appeared in the UV spectrum: 360 and 390 nm; OD - 0.004 and 0.006, respectively (Figure 
3). We also observed an appearance of a new broad peak in the greenish-orange region (OD = 
0.001) that characterized a formation of an in-plane ordered organic heterostructure in SAM 
structure. After step c, the CA changed from 92° to 60° and a new peak (236 eV) associated 
with HS groups was observed in the XPS spectrum. No significant changes were found in the 
UV-vis and the IR spectra after step c. Variable angle spectroscopic ellipsometery (VASE, 
Woollam Co.) was used to verify the monolayer growth as it was reported for NTCDI SAM 
structure. The variable angle spectroscopic ellipsometer measured spectra with 5-nm intervals 
in the range 300-1700 nm. The structural model for fitting ex-situ ellipsometry data uses the 
data of three different incident angles: 65°, 70°, and 75°. Measured and fitted ellipsometric 
data for a structure containing Si/Si0 2 , siloxane matrix, NTCDI-benzene thiol exhibit 
molecular c-axis interplanar spacing are 20 A for Si0 2 native oxide, 3.5 A for the siloxane 
matrix, 7.0 A for NTCDI, and 6.9 A for the benzene thiol layer. 

3. SAM-OFET Electrode Configuration 

Substrates for OFETs and tunneling devices were fabricated using reactive ion etch- 
grown silicon nitride (100 nm) as the insulating layer on highly doped n-type silicon, which 
also functioned as the gate electrode. Gold source and drain interdigitated contacts were 
photolithographically defined on the silicon nitride to give total channel width Wi=6000 pm 
(width is 400 pm for 15 meander elements) and channel lengths Li=20 pm. Figure 1A shows 
a top view of the interdigitated finger array. The substrates were cleaned by immersing for 1 h 
into a solution containing H 2 0/H 2 0 2 /NH 3 (5:1:1) while sonicating. After that, they were 
washed with deionized water (17.8MQcm) and acetone, subsequently, and heated in an oven 
for 30 min at 100 °C. Following fabrication step A and step B, which are describe above, 
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indium contacts were attached to drain and source Au pads (Fig 2). Silver paste was used to 
connect to bottom gate electrode. 


Au Mernder 



Figure 2. FET electrode configuration. Optical image of electrode meander before deposition. 


4. Determination of the Absorption and External Quantum Efficiencies in 

Closed-Circuit SAM-PVCs 

The spectra of dense and sparse monolayers of NTCDI grown on glass slides were 
recorded in a Shimadzu spectrophotometer. Comparison of the films grown on Si and glass is 
justified by the surface titration, which shows that the density of amino groups on glass and 
SiC >2 coating of Si(100) is approximately the same [62] (2-3 per 100 A 2 ). The EQE was 
calculated as a ratio of the number of electrons passed through a 500 Q resistor to the number 
of photons in the light flow. The output of a Xenon lamp/monochromator assembly (8-nm 
bandwidth) standardized to the Oriel calibrated light source was used to illuminate the 
photoelement. The EQE was also measured at 532 nm by referring to nonsaturating output of 
CW YAG laser calibrated with a photocalorimeter. 

5. Time-Resolved Photovoltaic Measurements in Closed-Circuit SAM-PVCs 

These were performed with a picosecond laser system consisting of a Ti: Sapphire 
femtosecond laser, stretcher/compressor/amplifier of picosecond laser pulse (“Titan”, 
Quantronix), and optical parametric amplifier of superflourescense (“TOPAS”, Qunantronix/ 
Light Conversion). The output pulse parameters were: wavelength 532 nm, energy 10 pJ, 
pulse duration 1 ps, and repetition rate 1 kHz. To avoid saturation effects, the pulse energy 
was attenuated to a 0.1 juJ level with a beam diameter of 1 mm. The photovoltage transients 
were recorded by Tektronix TDS 3025 digital oscilloscope bypassed with a 7.6 kQ resistor 
(Fig 3). 
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Figure 3. Experimental setup for a time-resolved photovoltage measurement in closed-circuit SAM- 
PYCs. 


6. Capacitance Coupling (Open-Circiut) Measurements in SAM-PVC 

To learn the charge separation we studied the formation and decay of the surface 
photovoltage by an auxiliary transparent electrode, which serves as a capacitive probe that 
picks the transient surface photovoltage. This method has been used in electronics and 
biophysics but is novel for the surface redox chemistry. The probe both provides the direction 
of the charge transfer and resolves its dynamics. Its application is independent of the optical 
properties of the semiconductor. Laser initiation of the reaction permits quantitative 
measurements of the reactions with the rate constants ~10 8 -10 3 s" 1 . The back electron transfer 
is poly-disperse with the components ranging from -10 microseconds and up. Measurement 
scheme was the same as at Figure 3, but instead of upper electrode a semi-transparent indium 
tin oxide electrode was used to achieve a capacitor coupling. More details for this 
measurement setup and principles of capacitive probe operation are shown at Discussion 
section 2.2, Figure 11 and Figure 12. 


Results 


1. NTCDI SAM OFET Devices 

In order to have high mobility and low charge trapping in organic semiconductors, we 
have focused on the class of organic materials with herring-bone crystallographic packing. 
Herring-bone packing could prevent interchain quenching and, at the same time, to have high 
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electron and hole mobilities. The aromatic polycyclic structures, which are based on small 
molecules, and have a natural herring-bone pattern packing in the crystals [67] are promising 
candidates to that end. For example, one of them with the highest mobility in crystalline form 
(p = 3TO" cm V" s" ), naphthalene tetracarboxylic dianhydride (NTCDA) has such herring¬ 
bone pattern (Fig 4) [68]. Moreover, it was shown that NTCDA conductance in crystalline 
could be enhanced by two orders of magnitude by increasing charge concentration through 
doping [69]. Our research showed that SAM of NTCDI molecules results in ordered 
structures, which have even higher electron mobility. 



Figure 4. A) Natural herring-bone pattern packing of NTCDA molecules. B) Scheme of orthogonal 
NTCDI intermolecular plane configuration. 



Figure 5. Resulting I D -U D curves at different gate biases. 







Photocurrent Study of the Transport Mechanism... 


127 



Figure 6. Transconductance measurements of SAM-OFET device showing n-type behavior at V D = 2V. 

Figure 5 shows the I-V curves of a SAM-OFET device. The device exhibits saturation 
regime at high enough drain voltages. Vd of 0.5 V was required in order to obtain the drain 
current. The nature of this barrier will be clarified at discussion section following 
photocurrent studies in NTCDI hetero-structures. Detailed discussion of the ways to decrease 
metal-organic injection barrier in SAM-OFET is beyond the scope of our contribution. Our 
preliminary experiments indicate that doping of template layer by molecules carrying positive 
and negative charge could essentially affect this barrier. In particular, using of 0.0 lpM 
solution of tri-phenyl amines decreases this barrier to 0.1V without effecting essentially 
mobility in SAM-OFET device. 

The mobility of this n-type device was calculated at the saturation region using the nex 
equation: 
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(Figure6) and ratio 
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obtained by applying eq. 1 to the data in figure 4 and a high on/off ratio of up to 10 9 is 
obtained. We note that such a high mobility was achieved only in 10% of fabricated 
devices. Totally 20 SAM-OFET devices were tested. 20% of tested devices were shortened 
and about 35% of devices were damaged during measurements. Roughly 35% of devices 
have a lower mobilities or exhibit properties of gated tunneling diodes. These tunneling 
diodes demonstrated typical Flowler-Nordhaim tunneling features [70]. Here we will 
discuss transport properties only of the best devices. The device reproducibility aspect will 
not be discussed in this chapter. This is a rather high mobility, considering the thickness of 
the organic semiconducting layer. The transconductance of device is shown in Figure 6 and 
demonstrates the turn on voltage of the device in an n-type mode on the same device. In 
this device a Vd = 2V drain voltage was required to overcome the blocking contacts, 
consequently the channel currents were measured at much lower drain voltages. Mobility in 
p-channel was 10 lower compared to n-channel. Thus, the possibility to have high mobility 
in SAM-OFET molecular systems is demonstrated. These studies, along with photophysics 
transport studies of SAM structures, demonstrate that molecules with natural herring-bone 
pattern packing might be favorable for OFET applications. This peculate will be discussed 
in detail in Discussion section. 


2. NTCDI SAM PVC Devices 

To achieve hybrid SAM-PVC we self-assemble the NTCDA molecules, which are the 
same molecules used in conductive channel of SAM-OFET, on n-type silicon substrate. 
The self-assembly strategy followed step-A synthetic protocol (Figure 1A). Two kind of 
measurement set up were used to evaluate transport in NTCDI-based SAM-PVC. The 
first measurements scheme relies on closed and second on open electrical circuit 
measurements. In first set up the Ag upper electrode was used to collect photocurrects 
(section 2.1, Discussion). Semi-transparent ITO electrode was used to probe electric field 
created by photogenerated charges in second set-up (section 2.2, Discussion). 
Combination of these measurements should (i) provide a kinetic of charge transfer in 2D 
NTCDI molecular system and (ii) prove that this charge dynamic solely attributed to 
transport properties of 2D NTCDI molecular system, and not to capacitor discharge and 
interface charge transfer at SAM-PVC. The last section ((section 2.3) of SAM-PVC sub¬ 
chapter demonstrates possibility to change the type of conductivity in 2D NTCDI 
molecular system by changing of substrate type from traditional n-type Si to p-type Si 
substrate. 

2.1. Measurements of In-Plane Currents in SAM-PVC: Closed-Circuit 
Electrical Measurements 

We topped the film with a small-area silver electrode and found that the resulting 
Ag/NTCDI monolayer/Si sandwich (Figure 7) was sensitive to light. 
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In the dark, the current-voltage (I-V) curve goes through the origin (Figure 8) and 
straightens at the slopes that correspond to -30 and -10 kQ, respectively, as the positive or 
negative voltage increases. 



Figure 7. Operation of the SAM-PVC. Incident light creates holes (h) in the valence band of silicon. 
Upon ejection of electrons (reaction 1) from the immobilized molecules into the holes, cation radicals 
are formed. Cation radicals rapidly exchange with the neutral molecules (2); the positive charge travels 
through the film, resulting in the in-plain current. Rereduction of cation radicals by silver (3) completes 
the photovoltaic element. Reactions 1-3 generate electromotive force. The diode (1) reflects rapid 
photoejection of electrons from the film and slow back-reaction. The external electric connections used 
in the voltammetric experiments (Figure 2) include a power source, an ammeter, and a voltmeter. 

Illumination with continuous monochromatic light changes this characteristic 
dramatically. Now, the I-V curve also goes through the bottom right quadrant where the 
current through the element opposes the external bias. This plainly manifests that light 
generates electromotive force, which induces a negative charge on silicon (photocathode) and 
a positive charge on silver (photoanode). The maximal photo voltage at the saturating light 
power was as high as 280 mV. In the absence of the film or only with the amino layer present, 
the maximal photovoltage was below 0.1 mV and could not be characterized accurately. The 
mutual arrangement of the cell and the incident light, the external quantum efficiency (EQE) 
of 0.4-0.7 (Figure 9), which cannot be accounted for by the absorption efficiency of the film, 
the dissimilarity of the EQE, and the absorption efficiency of the film and resemblance of 
EQE to the spectrum of silicon [71] suggest that the light is productively absorbed by the 
semiconductor (Figure 7). 
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-mV (volts) 

Figure 8. Electrooptical properties of the Si/NTCDI/Ag heterostructure. All experiments have been 
carried out at room temperature. Constant monochromatic 400-nm light illuminated an ~10-mm spot 
centered ~5 mm away from the silver electrode. When the Ag electrode is highly electronegative, the 
element behaves as a photoamplifier and light noticeably increases the asymmetry of the I-V curve. 
Marked “Fitted area” will be used in discussion section to model transport mechanism in SAM NTCDI 
channel. 

This contrasts with light harvesting in the dye-sensitized photovoltaic cells [72, 73] or the 
hybrid nanorod-polymer cells [74] which require special junctions with enormous contact 
areas between the materials to enhance their absorption efficiency. The geometry of the cell 
also suggests that light harvesting incorporates a longitudinal spatial energy transfer. In 
contrast to natural photosynthesis [75] the conserved energy does not migrate in the form of 
excitons. The absence of long range light harvesting, when the uncoated side of the chip was 
illuminated, establishes importance of the film and rules out energy transfer within the silicon 
bulk. 

The process starts with a redox reaction separating charges between silicon and film 
(reaction 1, Figure 8). Because of the spatial separation of the cathode and the anode 
chemistry, this reaction can be identified straight from the polarity of the cell, which shows 
that electrons from the NTCDI molecules are ejected into silicon, that is, NTCDI molecules 
oxidize. Charge separation is supported by the asymmetry of multiplication of the dark 
current with respect to the bias direction (Figure 8), which cannot be accounted for by the 
influence of nonpolar excited states. Indeed, regardless of the amplification mechanism, they 
would not be able to discriminate the bias directions. On the contrary, charge separation 
explains this asymmetry easily. Since the positive charges in the NTCDI film “reflect” in 
silicon “mirror”, they are accompanied by their countercharged electrostatic images and 
migrate as trans-surface dipoles. As these dipoles approach the Ag/film/Si junction, they are 
either attracted into the contact area by parallel or repelled by the antiparallel external field. In 
agreement with photooxidation mechanism of energy conservation, light harvesting was 
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observed in the thick films of N,N’-dihexyl-naphthalene tetracarboxylic diimide (C6-NTCDI) 
physadsorbed on the silicon surface, but not in the thick films of NTCDA, because NTCDA is 
much harder to oxidize. This photooxidation incorporates several events. Absorption of light 
results in elevation of an electron to the conductance band leaving a vacancy in the valence 
band. This vacancy can be filled either by back recombination of the electron from the 
conductance band (unproductive decay) or by transfer of an electron from the film into silicon 
(reaction 1, Figure 8) since the affinity of this vacancy for an electron is apparently high 
enough to oxidize a molecule of NTCDI. As a result, similarly to the photochemistry of dye- 
sensitized cells [76, 77], an extra electron remains in the conductance band of silicon, while 
the oxidized molecules of NTCDI become cation radicals (Figure 7, inset). 



Wavelength (nm) 


Figure 9. Effect of the surface density of NTCDI on the film spectra and light-harvesting efficiency. 
Dense film A assembled on glass has a prominent aggregation band in the greenish-orange region. The 
external quantum efficiency of the corresponding Si cell illuminated by constant nonsaturating light is 
represented by spectrum C. Sparse film B has no aggregation band in the spectrum. The external 
quantum efficiency of the corresponding cell was too low to measure. Insert show the measurement 
setup under continuous illumination. 

These radicals combine essential structural motifs of the oxidized forms of two 
ubiquitous redox cofactors: NAD + and semiquinone. These features ease oxidation of neutral 
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molecules. The energy of light is conserved in two forms: the electrostatic energy of trans¬ 
surface dipoles and the free energy of reduction of cation radicals by silver (reaction 3, Figure 
8). The equilibrium of this reaction is shifted toward neutralization of cation radicals, and we 
could not attain electric currents in the films assembled on the surface of glass because 
measurements of such currents even over microgaps require very sensitive equipment [78]. 

To study migration of cation radicals to the photoanode (reaction 2), we used short light 
pulses focused at different distances from the anode to provide both time and spatial 
resolution. The photo voltage transients consist of voltage rise and decay (Figure 10). The 
decay is exponential with x - 40 jus at the given external load. This component represents the 
discharge of the cell because of both the backflow and the functional current through the load. 
The voltage rise originates from accumulation of charges at the anode and its kinetics depends 
on the distance between the illuminated spot and silver (Figure 10). 



Figure 10. Scanning time-resolved photovoltage probing. A) Measurement setup. Distance d is between 
illumination point and harvesting upper Ag electrode. The transients were induced by pulses centered at 
different distances apart from the silver electrode. B) Kinetic of photoresponse at different d. The inset 
shows the dependency of the T 1/2 of the voltage rise on the distance / between the bright spot and the 
silver photoanode. The solid line approximates the points by a parabola T 1/2 =l /D with the parameter 
D~10 6 cm 2 /s. 

To avoid a model bias, we described the kinetics of the voltage rise by its half-time Ti/ 2 
(Figure 10, inset), which reflects the travel time of the cation radicals. Simple estimate shows 
that corresponding speed of charge exchange exceeds 10 4 m/s. Despite some spatial 
uncertainty due to the finite beam size and a limited number of data points, one can see that 
the travel time appears to be proportional to the second power of the distance between the 
illuminated area and the silver electrode rather than to its first power. Since the area (distance 
quadrate) covered by a random-walking particle is proportional to its travel time, this 
dependency (Figure 7, reaction 2) is consistent with the random walk fashion of migration of 
cation radicals within the film during successive self-exchange reactions between the neutral 
molecules and the cation radicals. It is driven by the spatial gradients of their electrochemical 
potential, which are present because the anode reduces the cation radicals. Migration of cation 
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radicals requires proximity of the molecules forming the monolayer and acting as redox 
centers. Such proximity manifests itself as a broad absorbance band in the green-orange 
region (Figure 9), attributed to formation of closed packed aggregate channel [62]. This 
migration, that is, time-resolved growth of the photovoltage, was not observed in the sparse 
monolayers of NTCDI, in the thick films of NTCDA, or without organic film. Only minor 
signals were observed in these control devices especially with the laser beam incident at the 
edge of the Ag contact. When the center of the beam was moved away from the edge, these 
signals disappeared rather than develop slower. The slight decrease of the total charge 
collected by the anode is probably due to partial recombination of trans-surface dipoles. 

The charges formed in the remote-illuminated area have to travel within the film over 
“gigantic” distances at finite speed. The vast majority of studies of lateral charge transfer in 
monomolecular structures were limited to the self-assembling and Langmuir-Blodgett 
monolayers [79, 80, 81]. Some of these studies have revealed that electrochemical activity of 
the assembling molecules is a requirement for charge transfer within these monolayers [82, 
83]. In analogy to that we believe that the efficient delivery of positive charges to the 
photoanode becomes possible because of the macroscopic connectivity of the network of 
NTCDI molecules acting as redox centers. This connectivity permits rapid transfer of large 
net charge through an extremely narrow cross section and originates from assembling NTCDI 
molecules at the positions predetermined by arrangement of the NH 2 -groups within the dense 
interlinked siloxane network [27]. 

2.2. Measurement of Out-of-Plane Charge Recombination in SAM-PVC: 

Open-Circuit Electrical Measurements 

When redox active molecules are covalently tethered to the surface of the n-doped 
silicon, light induces their oxidation by the semiconductor (,section 2.1). One particular 
problem to be solved by the new method originates from our abovementioned results. In 
principle, the energy can be conserved for further spatial transfer in two ways. First, it can be 
converted into the energy of the excited state as in the photosynthetic light harvesting 
antennas. Second, similarly to the dye-sensitized cells, the energy can be conserved as the 
free energy of charge back recombination (Figures 11 and 12). In the second case, the actual 
case as we show, the role of the organic molecules in these SAM-PVCs is different from the 
role of the dye in the dye sensitized cells. The NTCDI molecules do not absorb light but act 
exclusively as redox couplers and form cation-radicals upon ejection of an electron into the 
light-induced hole in the valence band of silicon. However, distinguishing between the two 
possible mechanisms is challenging because adoption of the traditional methods used for the 
dyes-sensitized cells would make the endeavor prohibitively difficult. Switching to the IR 
region where silicon is transparent is demanding in terms of the equipment and still cannot 
help the fact that, the monolayers contain too few molecules for time-resolved spectroscopy 
and only a small fraction of these molecules actually forms radicals. These molecules react 
too fast to make single molecule techniques applicable even in principle. Finally, an attempt 
to produce model nanoparticles would require an adequate adaptation of the existing 
modification technology and there is now guarantee for the adequacy of the model system 
studied in the solution compared to the actual element functions in the solid state. 

Experimental results of the previous section show that the diffusion time of about 1 jus or 
less at the given distances is apparently much shorter than the life time of the cation radicals 
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in SAM-PVC. The similar back recombination in the dye-sensitized Ti02 takes milliseconds 
[84]. Direct measurements in the closed-circuit configuration do not allow answering the 
question about back charge recombination, because in this configuration a long-time part of 
the charge transfer kinetics depends on the input impedance of the measurement system and 
internal impedance of the monomolecular devise, which in turn depends on many other 
external parameters. 
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Figure 11. Light indiced charge transfer at the silicon-NTCI(A) interface. The relative arrangement of 
the energy levels of silicon and NTCI(A) is necessitated by the observed polarity of the photo-induced 
charge transfer and by the fact that the light is absorbed by silicon. The structure of the putative cation 
radical is presented on the left. Vector D stands for the induced electric displacement. 

Therefore, the purpose of our study became two-fold. The first goal was to find a 
universal and highly sensitive method to study interfacial charge transfer. The second goal 
was to prove that illumination of the NTCDI-modified surface of silicon results in formation 
of cation-radicals at the junction and thus to test the potential of the method. In order to match 
these goals we have opted to the surface photovoltage technique, which is sensitive to the net 
charge displacement [85, 86], the very basic property of redox reactions. Since the spatially 
organized charge transfer inevitably causes electric displacement perpendicular to the 
junction (Figure 11), we have expected this elegant non-spectroscopic approach to be 
extremely useful in the studies of the surface redox chemistry. 

Here we show that the charge displacement perpendicular to the surface is sufficiently 
strong for direct measurements. To pick this electrostatic signature we utilize an auxiliary 
transparent electrode that act as a capacitive probe (Figure 12). This probe proposed by 
Bergmann in 1932 selectively picks the ac voltage [87]. Previously the transparent auxiliary 
electrode has been used to study the photovoltage generated by the p-n junctions. This 
nondestructive no contact method proved to be convenient for the quality control of these 
junctions before and without equipping them with electrodes [87, 88] or for measurement of 
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the lifetimes of the minority charge carriers [89, 90]. In those measurements the ac 
photovoltage has been generated by a chopped light beam and its amplitude has been 
measured. While repetitive laser represents a limit case of the chopped beam, application of 
short pulses permits time-resolved measurements. Interestingly, a related approach has been 
utilized in the studies of the photosynthetic reaction centers in the essentially 3D membrane 
suspension samples [91, 92]. 
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Figure 12. The putative surface electrochemistry and its electrostatic signature. The silicon substrate 
forms the capacitor plane 1. The neutral NTCDI(A) molecules and the putative cation-radical formed 
upon illumination form the imaginative plane 2. This organic layer is separated from the tin-doped 
indium oxide electrode (plane 3) by a 25 micrometer insulating film. The capacitor planes 1 and 3 are 
connected respectively to the ground and signal input of the oscilloscope (V), which has a standard 
input resistance of 1 MOhm. 

The method measures the transient voltage drop between the plates of the capacitor 
formed by the semiconductor chip and a probe ITO electrode transparent to the visible light. 
The photovoltaic response of this device contains two components. The first one is 
characteristic of capacitor between doped Si and ITO electrodes and the second one is a 
response from organic heterojunction itself. The relaxation time constant k for organic 
heterojunction is independent on device area and identical to the constant of charge 
annihilation on the single molecule or cluster. That is in opposite to a capacitor response, 
which is area dependent. 








136 


Andrei V. Pakoulev, Dmitry Zaslavsky and Vladimir Burtman 


2.2.1. Theoretical Background for the Capacitive Probe Measurements 

To proceed further, we need to develop a theory of the capacitive probe response to 
distinguish between the surface charge transfer dynamics and the instrumental response. Let 
us denote the silicon surface, the organic film and the probe electrode as planes 1, 2 and 3 
respectively (see Figure 12). Charge separation between the organic film and the silicon 
substrate will cause formation of an electric field between the planes 1 and 2. Under uniform 
illumination the concentration of the surface dipoles is the same throughout the film plane. 
The film becomes a surface of equal potential and can be considered as a plate of a complex 
3-plate capacitor, which in turn is formed by two serial capacitors: C 21 (organic film/Si) and 
C 23 (organic film/ITO electrode). The voltage jump U 2 \ will cause an electric current through 
the outer circuit formed by the probe capacitor C23, cable and internal resistance R of the 
oscilloscope. The capacities of the organic film and probe electrode were estimated to be 
C 21 ~ 1 juF and C23~100pF, respectively. Direct measurement of the cable capacity 
demonstrated C= 360 pF. Input capacity of the oscilloscope C s = 13 pF is much smaller than 
the cable capacity, and in the following up calculations C s was included into C. 

Observed signal (voltage Us(t) on the oscilloscope) reflects the dynamics related to the 
charge exchange between capacitors and to the finite lifetime of the dipoles created in organic 
film and semiconductor surface. Charge annihilation in the film will cause a backward current 
I2 1 {£) = kQ 2 \{t) , where Q2\(t) is the charge accumulated in the capacitor C 21 , and k is the rate 
of the transient charge annigilation. As it was mentioned above, the constant k is defined by 
electrochemical properties of the sample, and does not depend on the area of illumination. 

To analyze the system behavior we consider three time scales: 1) charging the organic 
film buy the picosecond laser pulse; 2 ) fast (nanosecond scale) charge redistribution between 
capacitors C 21 , C 23 , and C; 3) discharge of the system (microsecond to millisecond time 
scale). We assume the C 21 charging event is much faster than any discharge or charge 
exchange process, because it is defined by the laser pulse duration -1 ps. With this 

assumption, the initial voltage U 2 \ is defined by the charge Q^ x generated during the light 

action: t/ 21 (0) = Q® x / C 21 . The initial charges of the probe capacitor C 23 and the cable are 
supposed to be negligible: £> 23 ( 0 ) = 0 , 2 c( 0 ) = 0 . 



U C =1Z 



Figure 13. Equivalent circuit for the capacitive probe shown on Figure 12 in the nanosecond time scale. 
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Fast voltage jump U 2 \ causes charge exchange in the system. Now the cable and probe 
electrode are being charged by the capacitor C 2 \. At this step we take into account finite 
impedance of the cable Z = 50 Q. The initial voltage jump is compensated by the voltage drop 
Uc = IZ , where / is the electric current through the cable. At this time scale we can neglect 
the current through the oscilloscope, because its input impedance is R = 1 MQ, so that 
RC ~ 400 jus, and RC » ZC ~ 20 ns. At this relatively fast time scale of the charge exchange 
we also can neglect the C 2 \ discharge and consider U 2 \ to be constant. (We expect the typical 
relaxation time of transient dipoles in the organic film to be in the range of 10-100 jus, while 
time constants ZC 22 and ZC are in the nanosecond range). Finally, we can describe the second 
step of the charge exchange by the next system of Kirchhoff s equations according to the 
equivalent electric circuit shown on Fig 13: 


^21 . ^23 "t U C U s 
i - Q 23 - Qc 



Taking into account Ohm’s low U c = IZ , noting that U 2l = Q 2l / C 21 , U 23 = Q 23 / C 23 , 

U s — Q c / C , and denoting for the simplicity: k 22 = I/ZC23 and kc= l/ZC , we can rewrite the 
system (1) in the next form: 


Q 0 

^23023 + Qc + tcQc — ry 

c 2l z 

023 ~Qc =0 


Using a Laplace transform with initial conditions Q 22 {G) = 0 , Qc(C) = 0, we can convert 
the system of differential equations (3) to the system of linear equations, the latter being 
presented in the matrix form as follows: 
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Here, Q 23 (s) and Q c (s) are Laplace transforms of Q 23 (t) and Q c {t ), respectively. 
The solution for the system (4) is 
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It can be written in the simplified form: 
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Qii=Qc = 


Q 


0 

21 


1 


C 21 Z s(s + k c + k 23 ) 


Applying an inverse Laplace transform to (5) we get: 
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0„<n = Q r <n = 


a, 


C 2 iZ(k c + ^ 23 ) 


(l-e 


~(/c c +k 23 )t 
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Equation (7) leads to the quite obvious conclusion. Because the charge exchange on the 

• • 

nanosecond time scale is controlled by the same current / = Q 23 = Q c , the cable and probe 

capacitor are charged equally, and at the time scale t □ ( k c + k 23 ) □ 10 ns the charge and 
voltage distribution are defined just by the capacities of the appropriate elements: 
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These values may be taken as initial conditions to evaluate the system dynamics on the 
microsecond time scale. The equivalent electric circuit for the measurement system at this 
time scale is shown on Figure 14. 



Figure 14. Equivalent circuit for the capacitive probe in microsecond time scale. 

Let us consider some additional approximations to simplify the final analysis. After the 
fast restoration of the balance in the system, we can neglect the voltage drop in the cable. The 
discharge of the cable is defined now by the input impedance R of the oscilloscope, while the 
cable impedance Z= 50 Q is negligible compared to R = 1 MQ. Another assumption is based 
on the fact that the faster time constant observed in experiment is in the range of 10 - 20 jus, 
which is shorter by, at least, the order of magnitude than any time constant related to the 
electrical discharge through R. This fact allows us to conclude, that the discharge of the 
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organic film is mainly caused by the electrochemical annihilation, and like in the previous 

case we can neglect the current to the outer circuit, so that I 2l = — 0 21 = kQ 2l . With these 

assumptions we can write the system of Kirchhoffs equations for equivalent electric circuit 
presented on Figure 14 as: 


^21 ^23 ~l~ U s 

4 = -02i = k Qn ( 9 ) 

I 3 + I c -Ir =0 

In the last equation, which represents the currents in the node d , we have taken into 

account that in the shown configuration the current Ic is discharging C, while I 3 is charging 

• • 

the probe capacitor C 23 , so I c = —0 C , / 3 = Q 2 3 , and I c = U S / R = Q c / RC . The voltages 

C/21, C /23 and Us are defined by the charges accumulated in the appropriate capacitors: 
C /23 = 023 /C23, U s = Qc/C, C /21 = 021 /C21. Let as also keep notation K 2 1 = l/RC 2 u K c= 1 IRC 
and /C 23 = 1/^C 23 . (These constants are much lager than k 23 = I/ZC 23 and kc= 1 /ZQ. Now the 
system (9) may be rewritten in the form: 


4i02i ~ K nQn ~ K cQc = 0 

Q 2l +kQ 2l = 0 ( 10 ) 

023 + 0C + V C 0 C = 0 


Applying a Laplace transform with the initial conditions (8), we convert (10) to the 
system of linear equations presented in the matrix form as: 
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The solution of the system (11) is: 
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where Z)(s) is a discriminant of the matrix presented in (11): 
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Z)(*s) — s (A7, 3 “i - AT) + s{kK 22 + kK q + k^^K ^) + kK^ 2 K^ — 


= (K 22 +K c )(s + k)(s + K * Kc 
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The solution for Q c (s) can be found in form: 
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Here we denote — K 23 K C /{K 23 + K c ) = 1 /(C 23 + C)R . Applying the inverse 
Laplace transform to (13), we can find Qcif) and the final signal Us(t) = Qc(t)/C\ 
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The last expression can be modified to the simplified form if we denote 1 / AT = r and 
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The expression (16) shows that a monodisperse charge recombination gives rise to a bi¬ 
exponential signal. Let us consider rapid recombination of the dipoles: kr » 1. Now, it is 
more convenient to discuss the response (16) if it is presented in the form: 


UM) = U 0 e kt + 


kr -1 


(17) 


The first additive term in the equation (17) reflects the kinetics of the surface charge 
displacements. The second term is the deviation of the measured signal from the charge 
transfer dynamics. It is important that the transient crosses the Us = 0 level before recovering 
the base line. Such behavior is an intrinsic property of the RC chain and reflects the simple 
fact that the probe charges and then discharges during the measurements, while the 
oscilloscope measures the current through its input resistance. So, the second term in 
equation (17) reflects the input resistance of the oscilloscope and the capacity of the 
sample/probe capacitor and therefore depends on the size of the sample, length of the cable 
and other instrumental parameters. However, in the discussed case, kr » 1, the amplitude of 
the instrumental part of the response is considerably smaller than the amplitude of the signal 
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related to charge dynamics in the sample. Therefore, the best condition for the measurements 
is k □ 1 It — 1/(C 23 + C)R , which may be controlled by increasing the input impedance, 

capacity of the probe C23 (i.e., by increasing the size of the surface, or decreasing the 
thickness of the spacer) or the cable capacity C (i.e., by increasing the length of the cable). In 
our experiments the instrumental time constant was in the range 0.2-2 ms. 

When krU 1, the rapidly formed voltage U 0 will dissipate as a result of charge 
redistribution between the plates 1 and 3 through the oscilloscope. Now, the faster component 
will reflect the instrumental time constants = R(C 2l + C) □ k . At longer time scale the 

system dynamics will reflect the dynamics of charge annihilation. Because the amplitude of 
the first term in Equation (16) becomes small compared to instrumental term, this 
configuration is not very useful for measurements. However, even in this configuration it is 
possible to estimate charge annihilation rate k. 

2.2.2. Experimental Results 

The functionalized with amino groups silicon chips were prepared and left as is or topped 
with the either sparse or dense layers of NTCI(A) as described in step-A materials and method 
section. The electrometric measurements have been performed using set up shown 
schematically on Figure 3, but with uncoupled upper electrode. This electrode was a 200 nm 
thick ITO (indium tin-oxide) film deposited on a glass plate and separated from the 
NTCDI(A) film on the silicon surface by a 0.025 mm insulating spacer (Figure 12). The input 
impedance of the Tectronics TDS 3032 oscilloscope was set to 1 MCI In the experiments 
with an external 1:10 voltage splitter the apparent input resistance was 10 MQ. In these 
experiments a 1/10 of the actual voltage has been applied to the input channel of the 
oscilloscope. The excitation light pulses at 800 nm were generated by the Ti/sapphire laser 
system. The pulses had 1 ps duration, 10 pJ energy (attenuated with the set of neutral density 
filters), and 1 kHz or 200 Hz repetition rate. Note that NTCI(A) does not absorb at 800 nm in 
contrast to 532 nm utilized in the experiments of previous section. The signals were recorded 
by averaging of 512 oscilloscope traces. The maximum sampling rate was 2.5 GS/second. 

A typical photovoltaic signal from the sparse film of the NTCI(A) molecules is shown in 
the Figure 15. It is complex and includes -20 ns grouing up part, heterogeneous decay below 
V = 0 and recovery to the base line. The polarity of the signal corresponds to charging the 
NTCI(A) film positively. This observation perfectly agrees with our previous assumption 
(section 2.1 ) that silicon photo-oxidizes the neutral NTCI(A) molecules, which form cation- 
radicals upon ejection of electrons into the semiconductor. 

Minor electric responses are observed even in the absence of the NTCI(A) coating. Bare 
silicon surfaces are often contaminated with electrochemically active impurities. Such “as is” 
surfaces give highly irreproducible electric responses, which strongly decrease after rinsing 
the surface with acetonytrile (the data are not shown). This artifact is almost completely gone 
after NH 2 -functionalization of the silicon surface (Figure 15). The remaining signal could 
originate from certain polarization of the silicon waffle due to introduction of the gradient of 
the minority charge carriers near the surface [72]. Another possibility is the light-induced 
change of the built-in potential [93]. Regardless of its nature, this artifact is minor. No signal 
is observed when the surface of silicon is protected by a thick (>200 nm) insulating layer of 
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Si02. The insulating oxide layer prevents both the interfacial redox chemistry and band 
bending. 

While the initial charge separation is too fast to be resolved electrometrically, the 
heterogeneous recombination is time-resolved clearly. The fast and intermediate phases are 
independent of the input resistance and have a time constant of - 10 psec and -100 psec, 
respectively. The contribution of the slower component into the signal varies among the 
samples and is about 1/3 of the total amplitude of the signal presented in Figure 13 (spare film 
of NTCDI(A)). The third, slowest negative component, demonstrates a clear proportionality 
to the input resistance and stretches 10-fold upon addition of a 9MQ additional resistor. 
Therefore, the baseline recovery likely represents the instrumental function as outlined in 
equations 16 and 17. This recovery component is difficult to measure because of its small 
amplitude. 



Figure 15. Light-induced voltage transients. Samples were used as capacitor faces separated from the 
ITO probe electrode by a 25 pm insulating spacer. The voltage transients represent polarization and 
depolarization of the Si/film junctions: Si/NTCDI(A) (solid line), Si/Si0 2 (dotted line), Si surface 
derivatized with amino groups (dashed line). 

It is important to note that in the dense NTCI(A) films the contribution of the slow 
(-100 psec) component of the photovoltage decay does not exceed 10% [94] (Figure 14). 
This observation well agrees with our previous conclusion that in the dense films the 
molecules rapidly exchange the oxidizing equivalent with their neighbors (,section 2.1). 
Therefore, the positive charges formed in the “slow” molecules drain back to the silicon 
substrate via the two-step process: (i) exchange with the “rapid” molecules within connected 
redox network and (ii) the following discharge of these “rapid” molecules. Overall this 
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process is apparently faster than the direct discharge of the “slow” molecules. It is also 
important to note that these “slow” NTCI(A) molecules can be pre-charged in the 
discontinuous networks with the intense constant light [95]. A strong continuous illumination 
decreases the total amplitude of the signal, mainly at the expense of the slow component 
while the fast component remains essentially unchanged. The heterogeneity of the 
recombination most probably reflects the micro-heterogeneity introduced by the silicon 
cleaning procedures and/or the microscopically uneven thickness of the siloxane layer. 
Similar kinetic heterogeneity has been observed in PTCDI-doped SAMs grown on ITO by 
single molecule fluorescence analysis [96] and has been attributed to the differences in the 
local environment. 



Figure 16. Charge recombination in connective and sparse films. 


In contrast to the photosynthetic light-harvesting antennas, the energy of light is 
conserved by the SAM-PVC via interfacial electron transfer. The silicon/film junction forms 
an electrochemical capacitor charged by the light. This capacitor stores both the electrostatic 
energy and the free energy of the back recombination [96]. It is important to be able to 
measure and control the discharge characteristics of this capacitor in order to utilize it as an 
energy source. The electric field formed within this capacitor is picked by the auxiliary 
electrode and can be measured directly. 

The time resolution limits of capacitive probing are defined instrumentally. A typical 2G- 
sample/second oscilloscope is convenient to measure charge transfers that are not much faster 
than - 10 s" . The reactions, which are slower than the instrumental time-constant, are also 
inconvenient to measure. Therefore, the ideal dynamic range for the capacitive measurements 
is between 10 3 -10 8 s" 1 . 

Capacitive probing has lower time-resolution than the pump-probe spectroscopy but is 
free of certain limitations of the latter. First, it is independent on the optical properties of the 
semiconductor. Second, it works with flat surfaces which contain much less molecules than 

9 2 

suspensions of nano-particles [97]. Indeed, separation of only 5.5x10 charges per cm across 
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- 20 A will induce a strong enough signal with amplitude of - 1 mV (for c ~ 2). This number 
of molecules dissolved in 1 cm corresponds to a less than 10 pM concentration which is far 
below the sensitivity limit of any spectroscopic method except for fluorescent techniques 
[96]. However, the electrometric approach works with non fluorescent molecules and 
provides a nanosecond time-resolution. The technique also provides the direction of the 
charge transfer. 

Measurement of interface charge transfer response from ultra-fast spectroscopy is 
complicated in general case. The interpretation of transfer kinetics is even more challenging. 
For example, in well-studies Gratzell photovoltaic cells [98], the origin of two charge transfer 
kinetics in femtosecond range [99] is not clear. Luckily, for SAM-OFET such delicate 
measurements of interface charge transfer are not required, since the kinetics of charge 
transport in conductive NTCDI channel is in microsecond range [119]. Nevertheless, in this 
scale several components of kinetics (-10 psec and -100 psec) have been observed. We 
tested few control sample devices to discriminate direct charge injection kinetics. We note 
that thick NTCDIA films measured with capacitor probe showed mostly long type kinetics. 
This likely can be attributed to trapping of the charge the molecules, which do not have a 
contact with Si substrate. Exact physics of long -component response in thick NTCDI film 
still have to be proved unambiguously. However, it is clear that short-component of decay 
function (-10 psec) characterize interfacial back charge transport from NTCDI to the 
substrate. This component was the main one in pure SAM-devices. Therefore, we can apply 
developed model to determine kinetics of charge recombination and compare with kinetic of 
charge transport. 

2.3. Reversing Conductivity Channel in SAM-PVC (Closed-Circuit Measurements) 

The preparation of efficient n-type conductive channel in addition to p-type conductive 
channel is another challenge in OFET fabrication. Moreover, it is highly desirable that n- and 
^-channel OFET devices were fabricated by technologically comparable methods. 
Mainstream research direction in OFET is attempting to develop suitable organic materials 
for n-type conductive OFETs. Contrary to this mainstream studies, we are trying to develop 
switching of type of conductive channel based entirely on type of substrate, which is p- or n- 
type Silicon. The idea behind this study is the fact that ‘static’ charge transfer self-assembled 
monolayer should be greatly affected by type of substrate due to proximity effect. Thus 
different type of ‘Shotkey barrier’-like structure is conceivable. In turn, it could change the 
type of conductive channel in SAM material. To verify this assumption we perfomed a 
photophysical study in SAM-PVC devices. The silicon chips functionalized with amino 
groups were prepared and topped with the dense layers of NTCI(A) on n-type and p-type 
silicon substrates in the same manner as described in step-A section of materials and methods. 
Here, p-type silicon substrates (Si(100), 100 Q-cm, Virginia Semiconductors) were tested in 
addition to silicon wafers of n-type (Si(100), 500 Q-cm, Virginia Semiconductors). Both 
wafers had 20 A of SiCE coating. SAM-PVC devices were tested by time-resolved 
photovoltaic measurements in closed-circuit SAM-PVCs as described in section 2.1. Devices 
were illuminated at the distance 10 mm from collective electrodes. 
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Figure 17. (A) Photoresponse of NTCDI SAM-PVC placed on n-doped and p-doped silicon wafer; (B) 
possible scheme of molecular level, which explain switching conductivity channel in SAM-NTCDI. 

Result of these measurements is shown in Figure 15. The change of the response poliarity 
clearly indicates the conductivity type in NTCDI conductive channels switches and depends 
on conductivity type of the substrate. Difference in response kinetics is related to difference 
in heterostructures, doping level of Si and possible SAM density. Direct SAM-OFET testing 
of this idea is more complicated. Such test will require development of metal electrodes and 
surface chemistry to establish chemical bond between metal and organics, which would have 
requested charge injection ability. Nevertheless, the described experiment could be taken as 
proof of concept of such approach. Complementary circuit design should be very 
straightforward once this approach will be developed for SAM-OFET. The simplicity of this 
approach will be due to the possibility to use the same material (as NTCDI SAM matrix) for 
different types of conductivity. 


Discussion: Polaron Transport Mechanics 

This chapter is focused on study of a correlation between dynamic properties and charge 
mobility in NTCDI SAM systems. This research is connected to similar studies in bulk 
crystals of N. Karl group [100]. These publications reported a direct time of flight 
measurements of charge carriers in bulk crystals of organic aromatic compound. It is 
remarkable that ten years ago, in 1998 N. Karl bring question “Fast electronic transport in 
organic molecular solids?” in the title of their paper [101]. It has been demonstrated 
unambiguously that charge transport in the bulk crystals is intrinsic. Therefore, these 
researches bring a hope for generation of scientists, who developed the field of molecular 
electronics. In this spirit, in the beginning of this section, the question “Fast electronic 
transport in SAMs?” will be discussed. We have to note a difference between our experiments 
and the research of N. Karl group [101]. The time of flight experiments were carried out in 
thin organic crystals (0.2 to 1 mm thick) by applying electric field across the sample and 
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Figure 18. Photoresponse of NTCDI SAM-PVC, as “marked area” at Figure 7 and fit In I ~ E 2/3 over 
experimental data for (A) photocurrent and (B) dark current. 

registering the transient electric current created by illumination of the surface of the crystal by 
a short laser pulse. Karl et al were focused on charge mobility measurements, but simple 
estimate shows that the speed of charges in the sample achieved 10 J m/s (at 300 K) to 5-10 4 
m/s (at 40 K) with applied electric field 20-40 kV/cm. In our experiments we did not apply 
longitude ( in-plane ) or interface {out-of-plane) biases to avoid bias polarization phenomena in 
SAM. In addition, our photovoltaic study was aimed to distinguish between charge transport 
and charge recombination processes. Nevertheless, we have sown that in SAM the speed of 
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charge diffusion can be as high as 10 4 m/s at room temperature (Figure 10). One could expect 
that this speed may be even higher if the bias is applied along the surface. Even more 
surprising is the capability to initiate an electron or hole conductivity in SAM-NTCDI (Figure 
16) by changing type of doping of the Si substrate as it was observed in perylene crystal by 
applying different polarity of the electric field. Due to technological reason, we could not 
self-assemble perelene molecules on Si (sublimation temperature of perylene tetracarboxyl 
dianhydride is 200 °C higher than of NTCDI). However, naphalene and perylene belong to 
the same class of disc-shaped aromatic compounds with extended 7i-electron system. 
Therefore, a certain analogy of transport properties is anticipated, if similar packing is 
achieved. It is possible to conclude that, despite of the difference between photocurrent 
measurements in organic crystal and SAM film, the transport phenomena are very similar and 
velocities of charge waves in crystal and SAM film are roughly at the same range. Moreover 
the speed of charges in SAM film exceeds the same rate in organic crystal. This observation 
is an opposite of what could be expected from transport in 3D vs. 2D systems [101]. This 
discrepancy could be explained by role of Si substrate in NTCDI SAM/ Si heterostruture, as 
discussed below. Due to barrier structure of this interface, out-of-plane charge transfer from 
NTCDI to Si could sustain in-plane current. The contribution of this mechanism is absent in 
crystal. 



Figure 19. Variety of possible cation-radicals in NTCDI molecules on molecular level. (A) Formation 
of anion-radical state. (B) Formation of cation-radical state. This redox state could be exchanged 
extremely fast with neighboring neutral NTCDI molecule and transport a redox state to harvesting 
electrode thought self-exchange reactions. This transfer of redox state is illustration of polaron transport 
in SAM-NTCDI on nano-scale level. 
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Experimental results clearly indicate on the possibility of polaron transport in NTCDI- 
SAM 2D channel, which is located along the substrate plane. Such possibility was 
theoretically predicted by Horovitz [102]. He suggested that polarons dominate the 
photocurrent I due to a novel electric field-assisted tunneling route for which In / - E . The 
negative area of our experimental SAM-PVC I-V (Figure 8) taken under illumination and 
dark conditions is presented at Figure 15 for in-plane currents. The Horovitz model (In / - 
-E 2/3 ) is used to fit our experimental data. 

We take these results as an evidence of possible polaron transport mechanism in SAM- 
NTCDI conductive channel. Moreover, an estimate of front velocity of electronic wave in 
SAM-NTCDI system, (Figure 10) result in the diffusion parameter D~10 cm /s, which is 
close to speed of the polaron transport. In addition, the photovoltaic studies make possible to 
discuss a possible type of polaron system in SAM matrix. 

This polaron transport is likely realized in SAM-PVC device through random walk 
mechanism. Excited redox state likely employs percolation-defined random walk [103], 
which is exemplified in Figure 18. 

The set of redox reactions occurring in NTCDI channel (Fig 18) includes three steps: 

1. Si* + NTCDI -» (Si‘) + (NTCDI + ): photo-oxidation (18) 

2. (NTCDI + ) + NTCDI^NTCDI + (NTCDI + ): dark self-exchange 

3. (NTCDI + ) + Ag—>NTCDI + Ag+: dark harvesting. 
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Figure 20. Possible cation-radicals in NTCDI molecules at macroscopic scale. (A) 3D cartoon of 
random walk transport of redox state from illuminated area to harvesting Ag electrode. (B) Top view 
of redox transport at macroscopic scale. Note that this system could potentially handle a large current 
density due to possible multi-channel transport in organic 2D system. Only one conductive channel is 
shown here for simplicity. 

Results of photocurrent measurement in SAM-PVC could rationalize a high mobility 
measurement in SAM-OFETs. Indeed, assuming initiation of the same redox transport in 
SAM-OFET, a polaron level mobility might be expected. Assuming polaron nature of 
transport in SAM-OFET, we could expect to increase the charge mobility, which currently is 
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achieved to be as high as 31.5 cm V" s" . It is a few orders of magnitude higher than in the 
bulk organic crystals. This mobility level could bring performance of SAM-OFET on the 
level of amorphous silicon FETs. This conclusion could be confirmed by photovoltaic 
response in control devices (defined at materials and method section), which were illuminated 
by light at the vicinity of contact upon different scope loads: 50 Ohm and 7.6 kOhm (Figure 
19). A different scope load in this case define the time-scale and sensitivity of measurement. 
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Figure 21. PV response in control devices with illumination at the vicinity of the contact upon different 
scope loads: 50 Q and 7.6 kQ. 

In addition to SAM film, a thick (-300 nm) films of NTCDA and C6-NTCDI were 
prepared by physisorption of NTCDA on the cold functionalized surface of silicon. This 
sample has been marked above as physisorbed film. Sparse NTCDI films were obtained from 
thick films of NTCDA by heat desorption of the excess of NTCDA followed by step c. This 
sample has been marked above as incomplete SAM. Response of Si-Ag point contact was 
included for comparison. Only the sample with complete SAM demonstrates a long-range 
charge delivery (- 1 cm illumination from the electrode). The maximum voltage in SAM 
films exceeds that in incomplete SAM and physisorbed films by 2-3 orders of magnitude. 
These results clearly demonstrate that any incompleteness and disorder in SAM conductive 
channel affects redox self-exchange reactions on microscopic level. The time-scale of the 
SAM device response also demonstrates an ability of complete SAM structure to deliver 
charges from remote areas, in contrast to other tested devices. It is also notable that only 
SAM-device and incomplete-SAM-devices give rise to photo-signal at finest time scale- 
resolution wit 50 Q input resistance of the oscilloscope. The fact that Si-Ag device has a 
higher efficiency than the device based on NTCDI-C6 physisorbed film is due to shielding of 
incoming light by a thick film. 

Transport properties of NTDCI SAM OFETs and PVCs clearly point on polaron nature 
of the transport. The way to prove this hypothesis is to find the way to block cation-radical 
exchange in the transport channel and observe change in transport properties in these devices. 
Experiment which addresses this possibility is shown at Figure 20. It proves the importance 
of redox capability to polaron transport on the molecular level. PV response of-150 mV was 
observable in NTCDI-C6 film under illumination 3 mm away from Ag harvesting electrode, 
while no PV effect was observed in the case of NTCDA film. NTCDA molecules could not 
be oxidized at normal conditions. Thus, any un-reacted physisorbed molecular cluster will 
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serve as an isolator for polaron transport (‘redox blockade’). It is also known that OFET 
based on NTCDA molecules shows mobility of 10" 4 cm 2 V" 1 s" 1 [104], while NTCDI-based 
OFET routinely demonstrates mobilities, which are higher by factor 10 [105]. Thus, the 
experiment on Figure 20 demonstrates evidence of polaron transport on the molecular level, 
in addition to importance of the macroscopic order. It is also notable that OFET based on 
NTCDA molecules [105] shows mobility of 10" 4 cm 2 V'V 1 , while NTCDI-based OFET [105] 
routinely demonstrates mobilities, which are by 10 3 factor higher. Therefore “redox 
blockade” experimental (Fig 20) and literature data prove the polaron transport in the 
NTCDI-SAM channel. Thus, any unreacted physisorbed molecular cluster will serve as an 
isolator and trap for polaron transport. 
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Figure 22. Light harvesting in thick films: molecular redox. Only film composed from C6-NTCDI-C6 
molecule, which contains nitrogen atom (red color on the left panel), was active in long-range 
harvesting. NTCDA molecule with unsubstantiated oxygen (blue color on the right panel) could not 
sustain long-range any redox transport. We took this fact as an evidence of polaron transport in latent 
channel in SAM-PVC and SAM-OFET devices. 

Polaron conductive mechanism could explain why at the current stage it is so difficult to 
achieve high mobility in SAM-OFET. Both macroscopic and microscopic orderings are 
important for polaron transport and this impose strict conditions on quality of SAM 
conductive channel. Taking into account short range of dipole-dipole interaction, any defect 
could trap redox state. In addition to that, trapped redox state will form stable charged trap, 
which will prevent transport not only through the defect point, but also in the vicinity of this 
defect. Trapped redox state should affect the efficiency of charge transfer more than existence 
of non-reactive molecular cluster, which not carrying any charge. As the number of such trap 
exceeds percolation limit, no polaron transport will exist in such a system. Thus, in some 
analogy to biological systems, a redox active path in SAM matrix and good packing are the 
pre-condition for an efficient charge transport in the SAM systems. 
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Based on this assumption, we suggest that switching of conductivity type is possible in 
conductive channel. It is due to the fact that (i) various forms of cation-radical are possible 
and (ii) proximity of interface with inorganic semiconductor. Formed anion- and cation 
radicals as shown at Figure 17 correspond to p- and n-type conductive channel in OFET. Our 
SAM-PVC measurements indicate that changing doping of substrate could indeed change the 
current sign and, thus, the type of conductive channel in SAM-PVC. Although this 
assumption should be confirmed in SAM-OFET system, our observation could result in 
alternative way to achieve efficient OFETs with tunable type of conductive channel. 
Moreover, one could conceive the cascade FET devices, which would have variable mobility 
in conductive channel according to selective doping of substrate. 



Figure 23. Energy diagram of heterostructure of 2D NTCDI transport channel according to SAM-PVC 
studies. 

Finally, we could summarize results of our SAM-PVC and reported studies [106, 107] at 
energy diagram, which shows positions of the energy levels at the heterostructure of p-type 
2D NTCDI transport channel, at Figure 21. Left part of this diagram shows conductive (CB) 
and valence (VB) bands in silicon substrate and slope of the bands, as they approach to the 
interface with SAM NTCDI. Middle panel demonstrate HOMO-LUMO (HOMO = highest 
occupied molecular orbital, LUMO = lowest occupied molecular orbital) gap and COB 
(COB = continuum of band, [108]) of NTCDI monolayer. The right part of diagram shows 
position of Fermi level E F of Ag electrode. 

The Si/NTCDI interface of SAM-PVC (left part of Fig 21) models the interface of 
conductive channel on silicon in SAM-OFET device. In this interface the out-of plane photo¬ 
oxidation of NTSDI takes place. Structure of NTCDI SAM is modeled at the middle part of 
diagram. This part is responsible for the charge transport in SAM-OFET NTCDI 2D system. 
Set of thin lines in the vicinity of E F shows continuous of band (COB) of 2D NTCDI system, 
which is also called sometime “the-states-in-the gap”. Transport through COB is in-plane 
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dark self-exchange step in equation 18. Note that SAM-PVC device does not have direct 
access to HOMO-LUMO levels, neither SAM-OFET. Of course, molecular orbitals change 
essentially their distribution as the redox undergoes through molecule, but charges do not 
have to overcome energy barriers, which involve molecular LUMO orbitals. Boundaries of 
molecular stacks are the only places where tunneling is governing transport mechanism [109, 
110, 111]. The right panel of Figure 21 shows the Fermi level of the electrode inside the 
COB. The possibility of such position of E F was proven at ref. [113]. This part of SAM-PVC 
system corresponds to out-of-plane dark harvesting (equation 18) and should model charge 
injection into NTCDI channel from Au electrodes in SAM-OFETs. Figure 21 represent the 
“static” model which describe SAM heterostructure in neutral manifold. While the polarons 
are propagating along the in-plane COB channel, the out-of-plane electronic “pump” 
(reaction 1 at Figure 7) could provide an electrical motion force for the charge-delivery. This 
contribution could explain the higher charge speed in SAM layer than in organic crystal, as 
discussed in first paragraph of Discussion section. 

Therefore, the charge kinetic studies described in section 2.2 demonstrate that the out-of¬ 
plane charge injection can be discriminated. This discrimination is possible through 
illumination of the SAM-PVC device in different positions. Thus, variable kinetic of in-plane 
charge transport could be separated from the constant value of charge injection. The whole 
balance of device kinetics can now be visualized and used for optimization of the SAM- 
OFET design. Our studies underline the importance of careful comparison of the electrical 
and optical data to discuss major transport mechanism in SAM system. Section 2.3 of this 
chapter demonstrates that a photocurrent study was the only way to split and estimate 
performance of different OFET component, such as conductive channel and electrodes. Using 
optic and electronic studies we were able to evaluate the major transport mechanism in SAM- 
OFET. A complex interplay of the molecular properties and solid-state properties was 
highlighted by SAM-PVC studies in NTCDI conductive channel. 

There are questions about the optimal structure of conductive channel in the OFET, 
which include determination of what kind of crystal packing (e.g., herringbone versus 71 - 
stacking) is most favorable for the charge transport and whether intermolecular electronic 
cloud overlap can be enhanced by tuning the crystal packing (e.g., the degree of 
intermolecular ring slip) or by increasing the strength of intermolecular bonding [112,113]. 
Our results indicate that high charge mobility could be achieved in a herring-bone packing 
molecules, for example NTCDI molecules, which have one of the highest mobility for 
organic molecules. Significantly, closing the structure-property knowledge gap on low¬ 
dimensional phase transitions in organic solids is required component to get insight into 
structure-property relationship of SAM-OFETs and other organic devices with epitaxial 
order. 

We also want to note that SAM-OFET was used without any protection layer and 
demonstrated good device stability, which is perhaps one of the most crucial issues in OFET. 
SAM-OFETs were studied in an operational regime for two weeks without any protection 
from the ambient. Two-week check of SAM-OFET does not show any decrease of the 
semiconductor sensitivity due to O 2 and H 2 0. The I-V characteristics do not show a hysteresis 
as a function of device operating parameters. This result agrees with previous results on 
OFET performance based on functionalized NTCDI system, such as NTCDI-CH 2 C 6 H 4 CF 3 
[4]. These structures offer the best combination of high mobility and air stability. 
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Conclusion 

1. Estimating Mobility in NTCDI SAM-OFETs 

Photocurrent investigation of transport mechanism in 2D NTCDI-based SAM-OFET 
demonstrates that a moderately high mobility could be achieved in this device. Mobility 
which we achieve in NTCDI SAM OFET is roughly 10 times larger than the value reported 
for NTCDI thick film OFETs. We believe that improvement in mobility has been achieved 
due to the better packing in OFET conductive channel and better condition for redox 
exchange transport, as is evident from structure-photoresponse study depicted in Fig 19. 
Experiment with cation-radical blockade in photovoltaic device (Fig 19) and essentially lower 
mobility in NTCDA thick film OFET device impose the polaron nature of charge transport in 
NTCDI based thick film OFETs. The possible ways to improve performance of 2D NTCDI- 
based SAM OFET are (7) proper molecular engineering of a metal-SAM charge injecting 
interface, (2) better contact between SAM layer on electrodes and contacts, (3) usage of more 
efficient redox transport mechanism, (4) usage of smaller gap between electrode to limit 
possible number of defects and (5) optimizaton of macro- and micro-scope structure of 
organic conductive channel to insure the best connectivity of aromatic rings. However, it is 
unlikely that charge mobility in 2D SAM OFET devices will exceed electron mobility in 
amorphous silicon, which is - 1000 cm V" s" . This limitation arises from proposed polaron 
nature of charge transport in studied organic 2D system. 

The better charge mobility in SAM OFET could be achieved using (i) different electrode 
and device configuration in organic compounds or (ii) materials, which demonstrate higher 
intrinsic mobilities. The first solution could be exemplified by self-assembly of benzene 
molecule between two Pt electrodes with following hybridization of 3 7i-electrons from 
aromatic core and electrons of electrodes [114]. The result is conductivity, which exceed Go 
in tunneling regime in this system. The celebrating example of second approach for achieving 
higher mobility is graphine material. Recently physicists have demonstrated that graphene, a 
single-atom-thick sheet of graphite, has a greater ability to conduct electricity than any other 
known material at room temperature (ju = 2 TO cm V" s" ) [115]. In fact, electrons can travel 
up to 100 times faster in graphine than silicon, making it a likely candidate for semiconductor 
material replacement in devices like computer chips and sensors. Graphene also has a 
resistivity of 1.0 pOhm-cm, which is just 35% less than copper. That figure would also make 
graphene the lowest resistivity material at room temperature. A first field-effect experiments 
with graphine demonstrated formation of gap state at low temperatures [116], which is 
extremely promising for a SAM-OFET application. These two systems, graphene and planar 
benzene congiguration utilize transport mechanisms, which are different from one that we 
found in NTCDI-based SAM-OFET system. 


2. Alternative Pathways for Development of SAM-OFETs 

A possible avenue for developing 2D NTCDI-based SAM-OFET systems for electronic 
devices is an approach comprising “intramolecular circuits”, suggested by C. Joachim at 2002 
[117]. Here, instead of pursuing highest performance in three terminal FET devices, the new 
logic devices based on intermolecular circuits in organic 2D system are introduced. The 
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circuit is assumed to be connected by many electrodes. Development of this concept should 
result in a different design of a logic or intramolecular gate. Another path, which might be 
explored in 2D NTCDI-based systems, is spin transport in 2D aggregates. It was noted that 
weak spin-orbit and hyperfine interaction in organic solids is favorable for spintronic 
applications. This research could also lead to new logic devices, such as spin-OFETs. The 
specific feature of these two examples is that high mobilities are not pre-required and special 
properties of organic solids in 2D are utilized to achieve new electronic devices, which are 
currently not available. It has been suggested that 2D NTCDI-based systems could be used as 
an artificial model of charge transfer in a biological membrane [119]. In developing this idea, 
a new type of biosensor could be developed. A new type of biosensor could utilize in real 
time latent skin current in SAM-OFET and SAM-PVC as a sensor for probing bio¬ 
recognition events on interface of SAM. This assumption is based on the robustness of 
NTCDI-derived structures, pronounced skin-current in SAM-OFET and SAM-PVC devices 
and chemical capability to continue self-assembly. 


3. Photocurrent Study as Tool to Elucidate a Transport Mechanism in 2D 
NTCDI-Based SAM-OFET 

We demonstrated in this chapter the development of adequate analytical tools, and 
combine electric and opto-electronic studies that are crucial for future progress beyond the 
current stage of SAM-OFETs. In the current state of the art, a variety of Kelvin probe-derived 
techniques are widely used to determine electron work function and bend banding in organic- 
inorganic heterostructures. UV and inverse photoemission spectroscopy (UPS, IPES) are used 
to determine the position of the highest occupied and lowest unoccupied molecular orbitals 
(HOMO, LUMO). XPS measurements served to estimate band bending. Comparison of these 
techniques with measured I-V characteristics enables one to determine the mechanism(s) that 
control charge transfer in molecular diodes. These methods are static, since probing interfaces 
in time-scale compared to interface charge transfer is very challenging. Ultra-fast 
spectroscopy was applied to clarify dynamic of charge transfer in organics. Nevertheless, 
direct observation of the complete dynamics of charge transfer in the interface is still beyond 
the scope of these methods. We are suggesting using a photocurrent method in a time- 
resolved regime as a new tool, supplementary to direct electrical Id-Ud measurements to 
probe hybrid molecular interfaces. The possibility of studying charge transfer kinetics 
described in section 2.2 demonstrates that the charge out-of-plane injection and in-plane 
transport in an organic channel pathway can be discriminated. Thus, a new photocurrent 
approach is an important analytical tool for the molecular engineering of SAM OFETs. It 
should be possible to evaluate and compare the rate of charge injection and charge transport 
in these hybrid devices to achieve optimal device performance. The application of 
photophysics studies of SAM devices makes possible the analysis of transport properties in 
2D organic systems and should provide future insight into charge transfer in low-dimensional 
objects. 
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Abstract 

This contribution is intended to provide a combined view of spectroscopic studies on 
electronic states in working organic thin film FETs based on our experiments. Three kinds of 
spectroscopic techniques are presented: Ultraviolet Photoelectron Spectroscopy (UPS), 
Electron Energy Loss Spectroscopy(EELS), and near infrared photocurrent spectroscopy 
(NIRPCS). Information on energy levels, effective mass, location of field induced carriers and 
gap states related with traps and off-current of the devices can be obtained from those 
spectroscopic techniques. 


1. Introduction 

Understanding charge conduction mechanism in organic FETs is important to improve 
the performance of the devices. However, the knowledge of conduction mechanism is based 
only on the theoretical basis, which contains several unsettled questions such as the role of 
polarons and effect of intermolecular vibrations. Therefore we have developed several in situ 
spectroscopic analysis techniques for organic FETs as shown in Figure 1. Two kinds of 
electron spectroscopy, i.e. ultraviolet photoelectron spectroscopy (UPS) and electron energy 
loss spectroscopy (EELS) measure the energy of electrons emitted or reflected from the 
device surfaces. It was not certain before our experiments whether it is possible to measure 
the kinetic energy of the electrons near the high electric field. We developed shielding 
techniques and succeeded in the measurement. From the UPS, it is possible to detect the field 
induced charges in n-type OFETs in principle, although the signal to noise ratio is a severe 
problem which is now being pursued[l]. From the EELS, it is possible to discuss the effective 



162 


Toshihiro Shimada, Manabu Ohtomo and Tetsuya Hasegawa 


mass in field induced carriers[2]. Another kind of spectroscopy is near infrared photocurrent 
spectroscopy (NIRPCS). In this technique, photons with the energy less than fundamental 
excitation of the molecules are irradiated on working organic FETs and the modulation in 
source-drain current is measured as functions of source-drain and source-gate voltages[3,4]. It 
is possible to detect the gap states in the organic semiconductors by this technique and the 
result on pentacene FETs - long-tail gap states induced by the deposition of metal electrodes 
and impurity states related with the off current - are presented. 


hv (UV) 





gate 





(a) UPS 


(b) EELS 



(nearIR) 

i 



(c) NIRPC 


Figure 1. Three kinds of spectroscopy techniques newly applied to OFETs. 


2. Experimental Setup 

2.1. Electron Spectroscopy 

Electron spectroscopy (UPS and EELS) measurements were performed in an ultrahigh 
vacuum chamber equipped with specially designed sample holder for gate electric field 
shielding. This measurement chamber was directly connected with the sample preparation 
chamber via a gate valve, and the sample was transferred from the preparation chamber to the 
measurement chamber keeping ultrahigh vacuum condition. The schematic diagram of the 
vacuum chamber is shown in Figure 2. 

The sample structure is illustrated in Figure 3. The FET had a bottom contact structure, 
namely, molecule (50nm C6o for UPS, 1.5-4.5nm pentacene for EELS)/ Au (50 nm, 
source(S), drain(D) electrodes) / thermal SiO 2 (700nm)/ highly doped Si (Gate(G) electrode). 
Interdigitally patterned source and drain electrodes made of Au (50 nm- thick) were 
fabricated by a lift-off process using Cr (5 nm- thick) as a sticking layer on the thermal oxide 
formed upon highly doped Si substrates that work as gate electrodes. The line width and the 
interval were 20 pm and 100 pm, respectively, and the thickness of the oxide was 700 nm. 
The substrate with the electrodes was mounted on an alumina-ceramic holder that contains 
three electrically-shielded connectors.[l] Coaxial shield connectors are used to make 
connections between the sample holder and manipulator. 
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Figure 2. Vacuum system used for UPS and EELS experiments. 
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Figure 3. Sample structure for UPS and EELS of OFETs. 

The electrical contacts to the S and D electrodes were made with spring plates made of 
tantalum. The contact to the gate electrode was made from the backside using a Ga-In alloy. 
The substrate was heated in an ultrahigh vacuum for 6 hours at 80 °C. After cooling, the 
sample was transferred to the deposition chamber and molecules were deposited at room 
temperature. The growth rates of the molecules were 1 nm / min and O.lnm/min in the case of 
C 60 and pentacene, respectively. The thickness and the growth rate of the molecules were 
monitored by a quartz crystal microbalance. After the deposition, the sample was transferred 
to the analysis chamber where the transport properties, UPS or EELS were measured. 

The macroscopic electric field, which disturbs the UPS measurement, was shielded by the 
source and drain electrodes, conductive molecular semiconductor films and shielded 
connectors. The use of shielded connectors was essential for the reproducible spectroscopic 
results under the gate bias. The leakage current of the gate oxide was less than 100 pA 
throughout the measurement. Kinetic energy of emitted (in the case of UPS) or reflected (in 
the case of EELS) electrons was measured using a VG ADES 400 angle resolved electron 
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energy analyzer, which was set to detect the electrons emitted along the surface normal. For 
the UPS, the incident photons from the He discharge lamp were irradiated on the sample at an 
incident angle of 25 0 off the surface normal. EELS was measured using a monochromatized 
electron beam (kinetic energy centered at 10 eV, FWHM =180 meV) and the same analyzer 
as used for UPS. The electron beam impinged on the surface at the angle 60° off from the 
surface normal, and the electrons emitting along the surface normal were collected to reduce 
the possible effect of a stray field. 

2.2. Near IR Photocurrent Spectroscopy 

For the NIRPCS measurement, photocurrent measurement connector was attached to the 
sample preparation chamber, and wavelength-tunable near IR laser light was introduced to the 
chamber. A schematic illustration of our photocurrent measurement setup is shown in Figure 
4. The OFET sample was kept in a high-vacuum (<10 5 Pa) deposition-measurement 
chamber, and infrared light was directed onto the channel and electrodes through a view port. 
The laser power was 0.8 mW, and the beam size was 2 mm in diameter, the same size as the 
channel width. The laser light source was a CW Ti: sapphire laser, which emits infrared light 
with a wavelength ranging from 700 to 1000 nm. The laser beam was chopped by an optical 
chopper at 131-137 Hz, and modulated photocurrent flow between the source electrode and 
the drain electrode was measured with a lock-in amplifier. To minimize electrical noise, we 
used voltage sources configured with batteries and computer-controlled relays. The noise 
level was less than 3 pA. 
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Figure 4. Preparation / measurement chamber for NIRPCS. 
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3. UPS Measurement of C 60 FETs and Acceleration of 

Photopolymerization 

UPS is used to measure the occupied energy levels of materials. It is characterized by the 
ability of measuring all of the valence electronic states up to 10-20 eV binding energy ( E B ), 
the possibility of detecting band structure by angle resolved measurement of single crystalline 
material, and surface sensitivity (< 1 nm). When applied to working FETs, it might be 
possible to determine the energy levels and the depth profile of field induced carriers. With 
this expectation, we started UPS experiment of working organic FETs. It was not known 
whether it is possible to measure UPS of working FETs with biasing gate voltages. 



I I I I 1 f 

10 8 6 4 2 0 


Binding Energy (eV) 

Figure 5. UPS of 50 nm thick C60 FET with various V G . 

Figure 5 shows the UPS spectra (hv= 21.2 eV) of a 50 nm - thick C 60 FET structure with 
various gate voltages (Eg). The typical photoelectron current was - 1 nA. The potentials of 
the source and drain (Es and Ed) electrodes were zero, equal to that of the electron 
spectrometer. When E G was not more than about 10 V, the spectra showed broadening. This 
is probably because the photoelectron emission induces a not-homogeneous quasi Fermi level 
in the poorly conductive film when the carriers in the film are depleted by the field effect. 
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With Vq not less than 20 V, the spectra show the same feature as that of a C6o film on a 
conductive substrate. Without proper shielding of the gate voltages mentioned in section 2, 
the spectra were deformed and not reproducible. It was proved that it is possible to measure 
the UPS of working FETs with proper shielding. 

To our surprise, it was found that a continuous UPS measurement caused a gradual 
change in the valence electronic structure. Figure 6 (a) shows the time-dependent UPS spectra 
of the 50 nm-thick C6o FET recorded every three minutes with a Vq of 20 V. The intensity at 
the valley between HOMO and HOMO-1 (binding energy (E B ) 3.5 eV) increases and the 
shoulder at E B - 7.7 eV shifts to the higher binding energy side. On the other hand, a C 60 film 
epitaxially grown on M 0 S 2 (0001) basal plane with the same thickness of 50 nm showed 
negligible change in the valence structure even after a 1000-min UPS measurement as shown 
in Figure 6(b). 
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Figure 6. Time evolution of UPS of C60 films (thickness = 50nm) during continuous measurement, (a) 
C 60 FET and (b) C 60 epitaxial film grown on MoS 2 . The incident photon energy was 21.2 eV. 

In order to examine the origin of the changes in the UPS, we have compared it with the 
photopolymerized C 60 , which was prepared by irradiating a 532 nm CW laser (0.2 W/cm ) in 
an ultrahigh vacuum for 20 h on a 100 nm- thick C 60 epitaxial film grown on M 0 S 2 (0001).[5] 
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Although the UPS measurement of the C6o photopolymer can be found in the literature, the 
polymerization ratio of the samples were not specified. In our sample, the ratio of pristine C6o 
to the polymerized species was determined from the curve fitting of the Raman spectra in the 
1400-1500 cm" 1 region using the spectra in the literature[6,7] and it was less than 2% after 
laser irradiation. The UPS spectra (hv= 40.8 eV) of the pristine C6o and photopolymerized 
C 60 are shown in Figures 7(a) and 7(b), respectively. The shallowing of the valley at 3.5 eV 
and the shift in the shoulder at 7.7 eV are observed in Figure 7(b), as compared with Figure 
6(b). Thus we concluded that the observed change in Figure 6(a) is due to the 
photopolymerization of C6o. We measured the UPS of the C6o FET at different values of Vq 
but could not find a significant difference in the polymerization rate if Vq was high enough to 
allow the UPS measurements without suffering a photovoltaic effect. We have applied Vq up 
to 200V without measuring the UPS and found that the polymerization does not occur 
without UV light irradiation. It should be noted that the UV photon intensity of ordinary UPS 
measurements is insufficient to polymerize C6o films grown on conductive substrates within 
the time scale of the present experiment. [8] 



Binding Energy (cV) 


Figure 7. UPS of pristine C 60 (a) and C 60 photopolymer (b). The incident photon energy was 40.8 eV. 

2 11 

The FET mobility in the device was initially 0.085 cm V" s" and increased to be 0.22 

2 11 

cm V" s" after UPS polymerization. 

The present experiments have revealed several interesting phenomena. First, we discuss 
the mechanism of the accelerated photopolymerization in an FET structure. It has been 
reported that the polymerization of pristine C6o is triggered by irradiating photons with an 
energy more than 2 eV[9], by irradiating an intense electron beam [8], or by injecting tunnel 
electrons by STM[10]. The present result indicates that the FET structure under UV photon 
irradiation significantly accelerates the polymerization. Since the formation of the C6o 
polymer is basically a photochemical 2+2 addition to form a four-membered ring between 
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unsaturated double bonds, the alignment of the double bonds of adjacent molecules with the 
appropriate direction and distance is essential for the polymerization. The polymerization rate 
drastically increases at temperatures above about 250 K [11] where the free rotation of the 
molecule is allowed[12] because the mutual orientation between the molecules appropriate 
for the polymerization is different from the most stable one in the crystalline solids. 
Therefore, it is considered that having a polymerization trigger (an exciton or an electron) in 
the correctly facing pair is necessary for the polymer bond formation. 

Since the UV photons are irradiated equally on the C6o FET and the film grown on M 0 S 2 , 
the difference in the polymerization rate must be related with the charge (electron) carrying 
species. In the present experiment, photoelectrons are emitted from the surface (-1 nA /mm ), 
which cause the electron flow from the substrate. In the case of a C 60 film on the conductive 
substrate, the electron flow just travels the thickness of the film (50 nm), whereas it must 
travel at most half the distance between the interdigital electrodes (-50 pm). 

In this section, we have described the accelerated photopolymerization of C 60 by orders 
of magnitudes in a thin film FET compared to that of the film grown on conductive 
substrates. Charge carriers in organic semiconductors can be regarded as organic radicals, 
which are recognized as reactive species under ordinary conditions. It was possible to change 
the chemical reactivity of C 60 molecules by injecting carriers, and it will find applications in 
device processing and in field-effect transistor (FET) -based chemical sensors. 


4. Electron Energy Loss Spectroscopy (EELS) of Pentacene FETs 

The measurement setup for EELS was similar to the UPS measurement of C 60 FETs 
described in the previous section. During the EELS measurement, the S and D electrodes 
were connected to ground. The electric field from the gate electrodes was shielded by the 
coaxial connectors and the conducting channel of the sample itself. 
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Figure 8. FET characteristics of 1 molecular layer (ML: lML=1.5nm) pentacene FET. 
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Figure 8 shows the FET characteristics of the 1.5 nm- thick pentacene FET. We have 
confirmed by AFM measurement that the pentacene forms a uniformly covered monolayer 
film with the longer axis of the molecules aligned perpendicular to the Si0 2 surface with this 
growth condition. The thickness of 1.5 nm corresponds to one standing molecular layer. From 
Figure 8, it is shown that the FET characteristic is observed even with a one monolayer 
thickness. The mobility obtained from the linear fit at F D = - 35 V was 4 x 10" cm /Vs. The 
low mobility and the nonlinearity without saturation is a signature of the injection limit at the 
S and D electrodes. Poor connectivity of the monolayer grains also contribute to the low 
mobility. 

Figure 9 (a)-(d) (circles) shows the EEF spectra of a pentacene 1.5nm- thick FET. When 
the gate voltage ( Vq ) was 0 V, the spectrum is almost symmetric. Slight tailing is attributed to 
phonon excitations, which was not separated due to the instrumental resolution. It 
corresponds to the pure elastic scattering peak without a significant loss feature in this region. 
When Vq > 0, the spectrum is symmetric, but the intensity becomes weak as Vq increases. 
This is due to the stray field because the p-type pentacene film becomes insulating with a 
positive gate bias and the shielding effect of the film is accordingly lost. When Vq < 0, on the 
other hand, the spectra show tailing towards the energy loss side ( Vq = -20, -40V) and a small 
shoulder appeared at V G = -60V. In this case, it is considered that the gate electric field is 
shielded by the conducting pentacene film. The spectra are composed of an elastic peak and 
energy loss peaks. In order to extract the energy loss feature, we have deconvolved the elastic 
peak from the spectra. It was assumed that the spectrum measured at Vq = 0V corresponds to 
the elastic peak. In the determination of the loss feature, the “energy gain” process was also 
taken into account,[13] namely, the gain feature was added to the loss feature as follows: 


L(E) 


r 





E)!k,T) 


(£<£„) 

(E>E f ) 



Here, E and E v are the kinetic energy of the measured electrons and the primary 
electrons, respectively. L(E) is the loss feature obtained from the deconvolution including the 
gain feature, and L 0 (E) is the pure energy loss feature. It turned out that the gain feature is 
almost negligible in the present experiment. The multiple loss process was neglected because 
of its low probability. The results are shown in Figure 9(e)-(g). The convolution fit to the raw 
data is shown in Figure 9 (a)-(d) as solid curves. It is noted that the peak energy in the loss 
feature increases as the Vq is increased. Since the energy of the two dimensional plasmons 

(^ at the interface with vacuum is expressed as 





and the carrier concentration n in the conducting channel of FET at the gate voltage of Vq is 
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5 2 

where Co and d are the gate capacitance per unit area (Co = 5.0 x 10" F/m ) and the thickness 
of the channel region {d = 1.5 nm), respectively. The carrier concentration at Vq = -60V is, 
for example, estimated to be 0.0045 holes per molecule assuming the reported structure of the 
pentacene monolayer,[14] in which the volume per molecule is estimated to be 0.36 nm . 

Eq. 3 leads to 




C 0 V G e ) 

2s 0 m d 


1/2 



which gives the relation between the plasmon energy and the effective mass. Based on the 
theoretical calculation, the band mass of pentacene is highly anisotropic and the minimum 
value for m* is 1.3-1.6 m 0 , where m 0 is the static mass of an electron.[15,16] Assuming m* 
= 1.3 m 0 according to the band calculation and using the above values of Co and d, the 


plasmon energies ^corresponding to Vq = -20, -40 and -60 V are 47, 67, and 81 meV, 
respectively. The values are indicated by the arrows in Figs. 9 (e)-(g). The experimentally 
observed peak energies are systematically greater than the value corresponding to = 

1.3, if we take the average value of the two peaks in Figure 9(g). Although the reason is not 
yet clarified, we speculate that it is due to the nonhomogeneity of the field-induced charge 
distribution in the films because the connectivity of the monolayer films is not perfect. The 
electrostatic consideration gives the result that the average charge density is unchanged even 
if microscopic gaps exist in the pentacene film, provided that the gap sizes are much smaller 
than the thickness of the gate insulator. The local charge density in pentacene will then be 
greater than the calculated value, which leads to the larger plasmon energies. It is also noticed 


that the square-root relation between Vq and sp (Eq.(4)) is roughly satisfied between Vq= 
-20V and -40V., but not for Vq = -60V. It might be due to the opening of new conductive 
channels at larger Vq. It is also possible that the singularity in the dielectric function due to 
phonon excitations contribute to the discrepancy, especially at Vq = -60V, in which the 
energy loss feature seems to show splitting. 

Since the probing depth of EELS is on the order of 1 nm due to the mean free path of 
electrons, we examined the thickness dependence of EELS. Figures 10 (a)-(c) show the EEL 
spectra of a 3ML-thick pentacene FET. Although the tailing of the curve at Vq = -60V is too 
weak to allow a reliable deconvolution, the spectrum showed noticeable broadening on the 
energy loss side at Vq = -100V. The deconvolution result of the spectrum at Vq = -100V is 
shown in Figure 10(d) and the energy loss peak is located at 40 meV as indicated by the 
arrow. We compared this value to the plasmon energy calculated using Eq. 4 assuming 
uniform field-induced charge distribution in the 3ML-thick film volume and m*/mo = 1.3. 


The calculation yields sp = 61 meV, which is substantially greater than the observed value. 
This result shows that the carrier concentration within the probing depth of EELS is lower 
than the value corresponding to the uniform distribution. It means that more carriers are 
condensed at the interface than at the surface. Considering that the probing depth of EELS is 
on the order of - 1 nm, it is consistent with our experimental estimation of the accumulation 
layer thickness of the pentacene FETs (~ 1 ML). [17,18] 
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Figure 9. (a)-(d) EELS raw data (circles) and deconvolution fits (solid curves) of lML-thick pentacene 
FET. (e)-(g) Deconvolution assuming (a) as the primary electron profile. 
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Figure 10. EELS and deconvolution of 3ML (4.5nm) thick pentacene FETs. 
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It is expected that an interface plasmon should be observed at the interface between field- 
doped pentacene and nondoped pentacene and it should be compared with the experimental 
energy loss peak. The excitation energy of this plasmon is given by the following. 

CZg e 

( l + £ pentacene) S O m * d 

We could not find the dielectric constant of pentacene in the literature, but we can use Eq. 
5 to estimate it from the observed plasmon energy (61meV) and estimation from uniform 
charge distribution in the film (40meV). The result is 

2 ( 61 meVy _ i = 3 7 

^pentacene _ (40meY) 

This value is close to the reported dielectric constant of 7i-electron semiconductors C 60 
(4.08 - 4.4).[19,20] We consider that it supports our model of charge distribution in thin film 
FET. This effect of overlayer may also contribute to the broadening of the energy loss peaks 
though inhomogeneous thickness of the films. 

To summarize this section, we measured EELS of pentacene thin film FETs with biasing 
gate voltages. One monolayer-thick pentacene film on the gate dielectric worked as an FET. 
The EELS of the film showed a significant loss feature and the loss energy of the peak 
position increased when the gate voltage was increased. The loss energies were on the same 
order with the predicted energies of the two dimensional plasmon. The plasmon loss energy 
of 3 ML (4.5nm) -thick FETs were substantially lower than the value estimated from the 
uniform distribution of the field-induced carriers. This is consistent with our previous results 
of the thickness of the accumulation layers in the pentacene FETs. 

5. Sub-band Gap near IR Photocurrent Spectroscopy 
5.1. Introduction 

Gap states of semiconductors play very important role in actual devices. They may act as 
carrier traps, leak current path and carrier injection mediators depending upon the energy 
levels and location in the devices. In spite of their importance in organic electronics devices, 
very few studies can be found in the literature. [21, 22]. 

A powerful method for investigating the gap states is the photocurrent measurement. The 
photoconductivity of pentacene films was studied[23], in which the fundamental optical 
properties were reported. The photoconductivity measurement of the pentacene single crystal 
revealed that purified pentacene single crystals have exponential band tails broader than in 
inorganic amorphous materials.[24] The photocurrent spectrum of OFETs was also measured 
to investigate the photo-induced carrier generation mechanisms.[25] However, little is known 
about the effects of the source-drain voltage (Yd) and gate-source voltage (Vq) to the 
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photocurrent, and no photocurrent spectrum in relation to interface gap states has been 
reported. 

In this section, we present our photocurrent measurement experiments on pentacene 
FETs. First, we will show the photocurrent-voltage characteristics of the pentacene OFET, 
and propose that the relationship between the photocurrent and Vd or Vq can reveal the 
carrier generation mechanism. Then we will focus on the metal electrode - organic layer 
interfaces where gap states are formed only in the top-contact devices. The last part of this 
section is devoted to the unknown impurity states which determine the off current in the 
bottom contact FETs. The important device parameters of OFETs include carrier mobility, 
on/off ratio, subthreshold swing and threshold voltage. Microscopic or molecular origin of 
these characteristics has not been understood sufficiently although phenomenological studies 
can be found in large number of publications in this field. 

5.2. Relationship between near IR Photocurrent and Gate and Drain Voltage 
of OFETs 

In this subsection, we discuss the photocurrent-voltage characteristics of the bottom- 
contact devices. Figure 11 (a) is the characteristic under a 650 nm (1.91 eV) red light, and 
Figure 11 (b) is that induced by a 785 nm (1.58 eV) infrared light. The HOMO-FUMO gap 
energy of the thin solid pentacene has been determined to be 1.97 eV, and the fundamental 
exciton binding energy of 0.15 eV has been reported[26]. Therefore, red light with a 
wavelength of 650 nm (1.91 eV) corresponds to photons with an energy almost equal to the 
band gap, and the 785 nm (1.58 eV) infrared light is a sub-band gap light, i.e., light with an 
energy considerably smaller than the gap. Under the 650 nm (1.91 eV) red light, the 
photocurrent-voltage characteristics were similar to the static source-drain current (/sd)-Fg 
characteristic of our OFET (Figure 11(a) inset). This similarity indicates that the motion of 
the charges is affected in the same manner by the electric field in the device, which means 
that the hole current dominates the photocurrent-voltage characteristics. The absorption of 
1.91 eV photons leads to a transition from the valence band to the conduction band and the 
formation of an electron-hole pair. Since the mobility of the holes in the pentacene thin film is 
much greater than that of electrons, [27] it is reasonable that the hole current will prevail over 
the electron current. 

On the other hand, completely different photocurrent-voltage characteristics were 
observed under the 785 nm (1.58 eV) sub-band gap light (Figure 11(b)). First, the modulated 
photocurrent under the sub-band gap light was two orders of magnitude smaller than that 
under the 650 nm light. Second, when | V D \ was higher than | Vq +9 V|, the sub-band gap 
photocurrent decreased as | Vq\ increased, while the photocurrent increased as | Vq\ increased 
when |U D | < | Vq + 9 V|. 

The threshold voltage of the device (Fm) was -9 V and the pinch-off occurs when Fd = 
Vq +9 V. If |Fd| is higher than \Vq +9 V|, there is a depletion area (area without hole 
accumulation) in the channel. In such an area, electrons can move without being captured by 
the holes. The width of the depletion area changes depending on the source-drain voltage and 
gate-drain voltage. Figure 11(b) shows that the sub-band gap photocurrent decreases as |Vg| 
increases and the depletion area width decreases. When the depletion area disappears, the 
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Figure 11. Photocurrent- V G characteristics of bottom contact FET. (a) Photon energy was 650nm. (b) 
Photon energy was 785 nm. 
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Figure 12. Photocurrent spectra of bottom contact (a) and top contact pentacene FET (b). 

sub-band gap photocurrent became almost zero. Thus, the depletion area seems essential for 
the sub-band gap photocurrent, which means that the major carrier is the electron. The 
possible carrier generation mechanism for the mobile electron is the optical transition 
between the empty delocalized band states and occupied localized gap states. This sub-band 
gap photocurrent was measured even under a 1000 nm (1.24 eV) light illumination. We also 
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investigated the photon energy dependence of the photocurrent. Contrary to the previously 
reported photocurrent spectrum,[23,24] we found a rather flat energy dependence of the 
photocurrent (Figure 12(a); (b) is the photocurrent spectrum of the top-contact devices and 
will be discussed later), except for an absorption peak induced by an exciton at 1.72 eV. This 
deviation from the reported photocurrent spectrum of the pentacene crystals and films will be 
discussed later. The observed flat distribution versus photon energy indicates that there are 
many localized gap states with a constant density of states in the polycrystalline thin film of 
pentacene. In order to elucidate the nature of the gap states, we fabricated many FETs using 
purified or as-purchased (Aldrich) pentacene, but the photocurrent intensity was mainly 
dependent on the pentacene/insulator interface, while the pentacene purity did not seem to 
play a key role in the gap states formation. The correlation between the interface and gap 
states needs further investigation, which will be discussed in section 5.4. 

5.3. Urbach Tail in the Photocurrent of Top Contact Device 

We will now discuss the photocurrent-voltage characteristics of the top-contact pentacene 
FETs. The metal-organic interface in organic field effect transistors (OFETs) is important for 
the injection and extraction of carriers from electrodes. The electron injection, for instance, 
requires metals with low work functions, because a large energy level mismatch between the 
lowest unoccupied molecular orbital (FUMO) and the metal Fermi level causes an injection 
barrier. However, recent studies revealed that the energy levels in the metal-organic interface 
deviate from the typical Mott-Schottky theory.[21, 22] An injection barrier lowering was 
reported at the gold/pentacene interface, and was explained by assuming the presence of in¬ 
gap states at the interface. It is said that those interface states are caused by metal-induced 
damage[28], but no consensus has been reached about the nature of the “damage”. 
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Figure 13. Photocurrent- V G characteristics of top-contact FET with 741 nm photon irradiation. 
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Figure 13 shows the characteristics of the top-contact device in the sub-band gap region 
(741 nm, 1.67 eV). Except for the Vq shift caused by the high threshold voltage of the device, 
Figure 13 is very similar to Figure 11(a), in which the interband transition is observed. This 
result strongly suggests that the interband transition and electron-hole pair generation occur in 
the top-contact devices, even though the irradiated photon energy is smaller than the band 

gap- 

Qualitatively similar characteristics were observed from 1.24 eV to 1.91 eV, except for 
the photocurrent intensity. The photon energy dependence of the intensity is shown in Figure 
12(b), which depicts the sub-band gap photocurrent at Vq=-51 V and V D =-64 V in the top- 
contact OFETs. This absorption edge is excellently fit by the following exponential function: 
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oc exp 
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v E 0 [eV] , 


where I p h is the photocurrent, hv is the photon energy, E 0 is the characteristic width of the 
absorption edge, and E g is the optical band gap energy. Here, we chose 1.97 eV for E g ,[26] 
and E 0 was found to be 132 meV from the fit. Such absorption edge characteristics are known 
as Urbach tails, and reported for many inorganic materials with impurities or disorders.[29] 
The unified theory of the Urbach tail is based on electric microfields resulting in an exciton 
energy stabilization. The common origin of such a microfield is the electrical charges of the 
impurities, but there are other causes as well. The exponential Urbach tail of InP:Cu was 
explained by the presence of microfields induced by Cu precipitates. [30] 

In the bottom-contact devices, the sub-band gap photocurrent did not show an 
exponential dependence (Figure 12(a)), and photoexcitation of the electrons in the localized 
states was observed in the sub-band gap region. Therefore, Urbach tails in the top-contact 
devices cannot be attributed to intrinsic defects caused by the low purity of pentacene. It 
should be noted that the bottom contact devices made from non-purified pentacene did not 
show the Urbach tails. Another major difference between the top-contact and bottom-contact 
devices is air exposure. As already mentioned, the top-contact samples were exposed to the 
atmosphere during the fabrication process. In order to understand the effect of the air 
exposure, we exposed the bottom-contact samples to the atmosphere for approximately one 
hour and confirmed that the sub-band gap photocurrent-voltage characteristics indicated the 
excitation of electrons in the gap states (as in Figure 11(b)), and the spectrum did not show 
the Urbach tails. Instead, we suggest that the microfield induced by the metal-nanoparticle is 
responsible for the Urbach tails, just as in InP:Cu. In the top-contact configuration, metal 
electrodes are deposited after the organic semiconductor films are formed. Thus, metal atoms 
hit the organic films, penetrate the surface, diffuse into the film, and create metal clusters.[31, 
32] In this way, there are large numbers of gold nanoparticles at the gold/pentacene interface 
of the top-contact devices. 

The metal evaporation causes not only the diffusion of metals into the film, but also 
structural disorders, which can be another mechanism for the Urbach tails. However, we 
consider that the metal-induced structural disorders are negligible in the present case. We 
investigated the bottom-contact devices with low hole mobilities (-10" cm /Vs) fabricated at 
room temperature, and qualitatively observed the same photocurrent-voltage characteristics as 
in Figure 11(b), in which the electrons in the localized states are excited under the sub-band 
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gap light. Since the low mobilities of devices mean a poor crystallinity and many structural 
disorders, this photocurrent-voltage characteristic indicates that the structural disorders in the 
films form localized gap states, instead of the Urbach tails. 

Unlike highly reactive metals such as Ca, chemically non-reactive materials like gold will 
not react with organic semiconductors and form interface states.[28, 33] Nevertheless, we can 
explain the lowering of the injection barriers without such chemical reactions, because 
microfields in the gold/pentacene interface will lower the energy levels of nearby pentacene 
molecules. In our top-contact devices, the characteristic energy E 0 of the Urbach tail was 
determined to be 132 meV from Figure 4(b). The microfield E can be roughly estimated from 
juE=132 meV, where ju is the dipole of the Frenkel excitons and the distance between the 
electron and the hole is the same size as one pentacene molecule. It is reasonable to assume 
that a similar dipole is formed by a hole (in the pentacene) and an electron (in the electrodes), 
when holes are injected from the electrodes. That dipole is of the same order of magnitude as 
the Frenkel exciton dipoles, or even larger. Thus, the hole injection barrier will be lowered by 
several hundred meVs. This is a possible explanation for the observed lowering of the 
interface injection barriers. Our hypothesis is reinforced by another example, i.e., ohmic 
contact formation by metal (Pt) co-deposition with an organic semiconductor. [34] We 
theorize that this can also be explained by the effect of microfields caused by the Pt 
nanoparticles embedded in the organic layers. 

As mentioned above, gold nanoparticles generated by the gold deposition have 
complicated effects on the net physical properties. When the photoconductivity of the organic 
crystals or films is investigated, the top-contact geometry should not be employed. Some of 
the reported photocurrent measurements were performed using top-contact or sandwich-type 
devices in which metal electrodes are evaporated onto organic layers. It is suspected that the 
reported gap states [23,24] may be extrinsic ones arising from the metal nanoparticles near 
the electrodes deposited for the measurements. Using the bottom-contact configuration, we 
successfully measured the intrinsic photocurrent spectrum of polycrystalline pentacene films 
(Figure 12(a)), and observed the flat dependence versus photon energy and the absorption 
peak of the excitons. 

5.4. Correlation between Sub-bandgap Photocurrent and Off Current of 
OFET - Microscopic Origin 

We now focus on the bottom contact FETs again, because the sub-band-gap photocurrent 
of the top -contact device is dominated by an extrinsic Urbach tail induced by metal 
nanoparticles as described in the previous subsection. 

We fabricated many FET samples by changing the surface treatment and growth 
conditions, and selected FETs with different characteristics. The FET characteristics of two 
typical samples with low and high off-currents are shown in Figure 14. The mobilities of the 

2 4 2 1 1 

devices shown in Figs. 14(a) and 14(b) are 1.1 x 10" and 8 x 10" cm V" s" respectively. The 
threshold voltage (Vjw) of the device shown in Figure 14(a) was evaluated from the Isd-^g 
plot as -4 V. It was impossible to evaluate the V T h of the sample shown in Figure 14(b) 
because of the large off-current. We do not fully understand the conditions needed to prepare 
FETs with particular device characteristics in the present setup, but the surface treatment 
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(which depends on UV-ozone, sonication in organic solvents, and other factors) is surely 
involved. 
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Figure 14. FET characteristics of pentacene FETs with different off-current intensity. 



Figure 15. Photocurrent- F G characteristics of a bottom-contact FET with a large off current. 

Figure 15(a) shows the photocurrent-V G characteristic induced by sub-band-gap light for 
the sample shown in Figure 14(b). The photon energy (hv) was 1.45 eV (856 nm) and the 
photocurrent intensity was rather uniform within the measured photon energy range (1.78 - 
1.24 eV) without pronounced peaks except for those of excitons (1.82 eV).[35] There were 
kinks in Figure 15(a), which are indicated by arrows. Vq - V D at the kinks, which we define as 
Vk, was independent of Fd- In the case of Figure 15(a), Fk was -17 V for all Fd values. When 
Fth could be simply evaluated from I s d~Vq plot in low off-current devices, V K was similarly 
invariant to changes in F D , and was equal to F T h as described in the previous section. We 














Electron Spectroscopy and near Infrared Photocurrent Measurement... 


179 


therefore assumed that the Vth of the device can be evaluated from photocurrent-voltage 
characteristics, even when the off-current is too large to define Fth- If Ek is equal to Fth, then 
pinch-off occurs at the kinks. It is noted that this photocurrent- Vq characteristic somewhat 
resembles the transfer characteristics of ambipolar OFETs.[36] In the case of ambipolar 
OFETs, electron conduction appears after the holes are depleted by a large negative Fd. In 
this experiment, the modulated photocurrent was almost zero when | V G \ > \ V D + F T h| and it 
increased when \Vq\ < |Fd + Fth I- This condition indicates that the photocurrent was not 
observed when the holes accumulated throughout the channel [Figure 16(a)], while it was 
observed when pinch-off occurred [Figure 16(b)]. This point is very important for 
understanding the nature of sub-band-gap excitation. There are three possible origins of the 
absorption of the sub-band-gap photons (Figure 17): (a) excitation from the filled gap states 
to the empty part of the conduction band, (b) excitation from the filled part of the valence 
band to the empty gap states, and (c) excitation from the filled gap states to the empty gap 
states. Since it is considered that the gap states are not densely distributed and the conduction 
via partly filled gap states is probably negligible, (c) can be ruled out. In case (a), the 
conduction occurs via mobile electrons, and in case (b), it occurs via mobile holes. In our 
result, the modulated photocurrent corresponding to the holes was not observed when the hole 
conduction dominated [Figure 16(a)], whereas photocurrent corresponding to the electrons 
was observed in the depletion region after the pinch-off [Figure 16(b)]. Thus, our observation 
strongly suggests case (a). The photocurrent appears just after the holes are depleted because 
the mobile electrons are supplied from the photoexcitation of the gap states. Since the photon 
energy range was larger than half of the band gap and the photocurrent spectrum did not have 
a pronounced structure in the measured photon energy range as shown in Figure 12(a), we can 
conclude that the gap states contributing to the photocurrent are widely distributed from the 
valence band edge towards the midgap. 
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Figure 16. Schematic drawing of hole accumulation region in FET in linear mode (a) in pinch-off mode 
(b). 


With this knowledge, we examined the correlation between the intensity of the sub-band- 
gap photocurrent and various properties of the devices. Figure 18 depicts the correlation of 
the intensity of the sub-band-gap (hv= 1.45 eV) photocurrent with (a) mobility and (b) off- 
current. The same marks correspond to the same sample. When the sample did not show 
obvious off-states, 7 S d at F D =-50V was chosen for the value of the off-current. It is easily 
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noticed that there is an obvious correlation between the off-current and the sub-band-gap 
photocurrent, whereas the mobility is not related with the photocurrent. 
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Figure 17. Possible origins of electronic transition induced by sub-band gap photons. 
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Figure 18. Plots to see the correlations of the intensity of NIRPC (photon energy 1.45 eV). (a) A plot 
with mobility (b) A plot with off-current. The line in (b) is drawn as a guide to the eyes. 

This result is rather surprising, because the gap states close to the valence band can be 
assumed to be hole traps. The large photocurrent under sub-band-gap light, which 
corresponds to an electron transition from traps to the conduction band, indicates that there 
are a large number of traps in the films. We can simply assume that the mobility of that 
sample is low. One FET sample (marked with a filled triangle) with relatively high mobility 
showed a large photocurrent, and another one (open circle) showed a small photocurrent, 
even though its mobility was low. This result suggests the following two possibilities: the gap 
states that can be observed using the photocurrent method do not trap holes, or the hole 
mobility in polycrystalline pentacene films is not trap-limited. For the mechanism of the latter 
case, we can assume that the conduction path in the film is effectively narrow and limits 
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mobilities. Since the mobility shown in Figure 16(b) is rather low, we consider that the latter 
is more probable. 

The present result gives us some insight on the off-current of pentacene FETs. There are 
very few studies on the microscopic origin of the off-current. Since the off-current is due to 
conductivity that is not suppressed by the field effect, it should be regarded as a parallel 
passive resistance path between the source and drain electrodes. The most plausible origin of 
the parallel resistance is unintentional dopants, which make a continuous “pentacene path” a 
degenerate semiconductor. However, the experimental result shows that the sub-band-gap 
photocurrent responded to Vq and V D . This is not expected for a degenerate semiconductor 
and we must consider that the part of the channel producing the off-current and that 
producing the sub-band-gap photocurrent are different. We consider that the correlation 
between the off-current and the sub-band-gap photocurrent is explained by assuming that the 
molecular origin of these two properties is the same. In a region where the concentration of 
unintentional dopants is small, they act as photoexcitable gap states located near the valence 
band. In a region where the concentration is high, it will make the region into a degenerate 
semiconductor that does not respond to the gate electric field. We have not yet identified the 
unintentional dopants, but the location of their energy levels was identified through the 
present experiment. Since the photocurrent spectrum was rather flat between 1.24 and 1.7 eV 
(Figure 12(a)), the energy levels of the involved gap states are widely distributed from the 
valence band edge toward the midgap. 

To summarize this section, we investigated the photocurrent- Vq characteristics of 
pentacene FETs, and showed that the photocurrent- Vq characteristics can reveal the origins of 
the carriers: i.e., the interband transition or excitation of electrons in the localized gap states. 
We also compared the photocurrent- Vq characteristics of the bottom-contact and top-contact 
pentacene FET, and proposed that diffused gold particles cause an Urbach tail at the 
gold/pentacene interface. This is the first observation of the Urbach tail at the metal/organic 
interface, and we suggest that metal contacts without diffused nanoparticles are necessary for 
the intrinsic photocurrent measurement. By employing the bottom-contact geometry, we 
investigated the intrinsic photocurrent spectrum of the polycrystalline pentacene films, and 
found a flat distribution of energy levels in the sub-band gap region. 

Then we compared the modulated photocurrents of various FET samples using sub-band- 
gap irradiation, and investigated the relationship between gap states and FET parameters. 
Since the sub-band-gap photocurrent is only observed in the pinch-off region, the energy level 
of the gap states is located close to the valence band top. The sub-band-gap photocurrent 
showed a correlation with the off-current, and the molecular origin of the off-current was 
suggested to be highly concentrated gap states that form degenerate semiconductor paths in 
the channel. 


6. Conclusion 

In this chapter, we introduced three kinds of spectroscopic techniques newly applied to 
OFETs under gate bias. In electron spectroscopy experiments (UPS and EEFS), we showed 
that the measurement is possible by properly shielding the gate electric field around the 
sample. We found the reactivity for polymerization is greatly enhanced by introducing 
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charges in C6o FETs by UPS measurement and obtained reasonable agreement about the 
effective mass values in pentacene FETs by EELS measurement. 

In the near IR photocurrent spectroscopy of working pentacene FETs, we showed that the 
origin of the carriers giving photocurrent can be evaluated by changing the drain and gate 
voltages. We found that strong Urbach tail was observed only in top contact devices and 
concluded that it was due to the metal nanoparticles penetrating the organic layers. The 
characteristic energy of the Urbach tail was large enough to account for the formation of the 
Ohmic contact at "dirty” metal-organic interface. In the bottom contact devices, we found a 
correlation between the sub-bandgap photocurrent and off current of the OFETs, and the 
speculated that chemical origin of both phenomena is the same, i.e., formation of some kind 
of charge transfer complex. The newly introduced measurement techniques will be useful not 
only for fundamental studies on the conduction mechanism in organic semiconductors but 
also for the characterization of the devices and their fault analysis. 
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Abstract 

In this chapter, solution-processed organic thin-film transistors (OTFTs) using poly (3- 
hexylthiohpene) (P3HT) and 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene are 
introduced. By properly selecting the organic solvent for semiconductor, adjusting the surface 
energy of gate insulator and introducing a novel source/drain electrode structure, high 
performance OTFTs can be realized. This chapter focuses on effect of solvent on the 
crystallinity, morphology and electrical performances of OTFTs based on P3HT and TIPS 
pentacene. 


1. Introduction 


OTFTs have attracted a considerable attention in various display applications due to their 
potential advantages such as simple device architecture, large-area compatible fabrication and 
low-temperature process for flexible applications. A vacuum deposited pentacene OTFT 
exhibits field-effect mobility of 1 - 3 cm /Vs, higher than hydrogenated amorphous silicon 
TFTs [1-3]. However, the rather poor electrical reliability is the critical problem for practical 
applications and pentacene may not be a suitable material for large area applications due to 
rather costly vacuum deposition process. 

Recently, OTFT via solution process is becoming more important because of its 
simplicity in device fabrication. With combination of printing techniques such as ink-jet 
printing, solution-processed OTFT can be a promising candidate for switching device in 
flexible active-matrix displays. However, the electrical performances of solution-processed 
OTFTs are still yet much inferior to that of vacuum-deposited OTFTs using pentacene. To 
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enhance the electrical performances of solution-processed OTFTs, several approaches have 
been introduced; i) using novel semiconductor materials, ii) surface treatment of gate 
insulator (modifying the surface energy), in) contact treatment of source/drain electrodes, iv) 
adoption of new device structure, v) blending with high boiling point organic solvent etc. 

In the following sections, the effect of solvent and device structure on the electrical 
performances of OTFTs will be discussed. 


2. P3HT Based OTFTs 

2.1. Poly (3-hexylthiohpene) 

Poly (3-hexylthiophene) (P3HT) is a solution processable polymer semiconductors 
material which has gathered much attention due to its relatively high mobility (-0.1 cm /Vs) 
and easy processing. Solution process enables low cost fabrication processes such as spin 
coating, dip coating [4], ink-jet printing [5] and contact printing [6]. These processes are 
compatible with roll-to-roll process and also the process temperature can be very low (< 
100°C). Because of these reasons solution processed OTFTs can be easily adopted in flexible 
display fabrication with polymer substrates. 

One of the main issues rising in the area of solution processed OTFT is the patterning 
technique for organic layers. With spin coating and dip coating methods, the polymer solution 
will cover the entire area and the patterns must be defined by conventional photolithography 
process or by surface energy control (hydrophilic/hydrophobic). Another possibility is using 
photo-sensible functional polymers but this could be rather difficult work [7]. Inkjet printing 
method, currently used in polymer light emitting diode devices, is one another possible way 
to make patterns with very high speed, but the disadvantage of this method is it requires extra 
layer with patterned wells or bank structures. 

2.2. Device Structure 

Basically, the device structure of OTFT is very similar to conventional Si based TFTs. 
Polycrystalline Si TFTs are mostly fabricated as top gate structure [8,9] whereas amorphous 
Si TFTs are fabricated as bottom gate, bottom contact structure [10]. In the case of OTFTs, 
bottom gate, bottom contact structure generally is used due to limited physical and chemical 
endurance of organic semiconductor materials. 

In the early stage of OTFT development, top contact structure (which the source and 
drain electrodes are deposited over the organic semiconductor layer) was used because of its 
superior electrical characteristics over the bottom contact device and also simple fabrication 
process [11-13]. However, the top contact structure has limits in realizing transistors with a 
short channel length (< 20 pm) and also a metallic shadow mask is required to generate the 
electrode patterns. Because of these reasons, bottom gate, bottom contact structure has now 
become the most frequently used device structure [14,15]. 
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2.3. Fabrication 

In Figure 1, a schematic diagram of a bottom contact type P3HT based OTFT device is 
shown. The gate electrode (usually metals) is deposited on thin substrates such as polymers, 
glass, quartz and papers. On top of gate electrode, gate insulator is deposited and patterned. 
The source and drain electrodes which consist of Cr and Au are deposited sequentially by 
evaporator system without breaking the vacuum. After patterning the source and drain 
electrodes, surface treatment of gate insulator is usually followed to modify the gate insulator 
surface from hydrophilic to hydrophobic. In this case, O 2 plasma and hexamethyldisilazane 
(HMDS) treatments were followed to modify the surface property of the SiC >2 gate insulator 
[16]. 


P3HT 



Si0 2 
PC film 


Figure 1. Schematic diagram of a bottom-contact type P3HT organic thin-film transistor fabricated on 
PC substrate. 

After the surface modification of gate insulator, a semiconductor material P3HT is coated 
as a channel layer. Head-to-tail regioregular P3HT forms a thin layer with self-assembled, 
two-dimensional (2D) lamellae structures and the transistor characteristics such as field effect 
mobility and on/off ratio are greatly affected by the micro structure of this layer. According to 
Sirringhaus et al., spin-coated P3HT layer with edge-on orientation showed enhanced field 
effect mobility up to 0.1 cm /V*s [17]. Whereas, P3HT layer with face-on orientation showed 
mobility of nearly 2 orders lower. This phenomenon is believed to be due to the difference in 
71-71 stacking orientation of channel layer. When the side chain is attached to the oxide surface, 
the layer is edge-on oriented, which results in 71-71 stacking orientation parallel to substrate 
surface, also the direction which the current flows in the device. However, when the side of 
thienyl ring is attached to the oxide surface, the layer is face-on oriented, which results in 71-71 
stacking orientation normal to substrate surface and direction the current flows [18]. 

As well as the stacking structure of P3HT film on gate insulator, the regioregularity of 
P3HT also significantly affects its electrical characteristics. Especially, higher head-to-tail 
regioregularity exhibits better electrical performance. To increase the regioregularity of P3HT 
material, a purification process of continuous extraction with tetrahydrofuran (THF) and 
acetonitrile is usually carried out, using solubility difference between regio-random and 
regioregular polymers. By this method, the regioregularity of P3HT can be increased from 
93% to 98% after the purification which is estimated with l H NMR by comparing the signal 
intensity that arises from the aromatic region of the spectrum [19]. 

P3HT material dissolves in a variety of organic solvents such as chloroform, 
chlorobenzene, xylene, toluene and hexane. It was revealed that the electrical performances of 
P3HT OTFTs were varied by the choice of a solvent [20]. Also, the coating method affects 
the crystallinity and electrical properties of P3HT film. Among several coating methods, a 
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rubber stamp printing method has an advantage of generating patterns without any 
lithography processes and because the mold used in the rubber stamping process has great 
flexibility this process can be easily integrated in roll-to-roll process. 

The rubber stamp printing method is carried by following steps. At first, to create the 
rubber stamp, a master structure with rectangular type islands was fabricated on a Si wafer or 
on a glass substrate using thick photoresist such as SU-8 (MicroChem corp.). The thickness 
of the photoresist can be controlled from 50 pm to 700 pm by varying the rotation speed of 
spin coating. After fabricating the master structure, poly (dimethylsiloxane) (PDMS) (DC 
184, Dow Chemical) prepolymer is poured and thermally cured in an oven. After the curing 
process, the rubber stamp is removed from the master structure. Then, a drop of P3HT 
solution is supplied on the rubber stamp and blown with a stream of nitrogen, leaving a thin 
film of polymer on the stamp. Finally, the stamp is contacted directly with the substrate to 
transfer the film onto the substrate forming an active channel layer. Figure 2 shows the optical 
images of fabricated PDMS rubber stamp and printed P3HT film on a PC substrate. The size 
of the island pattern is 700 pm x 900 pm and the thickness of the film is approximately 60 
nm. The thickness uniformity of the P3HT films was near 80% in 100 island test patterns. 








— 

fDSls M aMP 


(a) 


P3HT 

Substrate 

(b) 


Figure 2. Optical images of (a) a poly(dimethylsiloxane) (PDMS) rubber stamp, and (b) rubber-stamp- 
printed P3HT film on a polycarbonate substrate. The size of the rectangular pattern is 700 pm x 900 pm 
and the thickness of printed P3HT film is 60 nm. 


2.4. Crystallinity 

The relationship between the microstructure of P3HT films and the electrical 
characteristics of field-effect transistor has been intensively studied since after the first 
investigation by Sirringhaus et al. [17]. This report showed that the field-effect mobility of 
organic transistor depends on the two-dimensional molecular ordering of P3HT film and the 
edge-on structure is more favorable in achieving high mobility rather than the face-on 
structure. 

In order to investigate the structural properties of rubber-stamp-printed P3HT films, 
synchrotron grazing-incident x-ray diffraction (GI-XRD) measurements were carried out on 
both spin coated and rubber-stamp-printed P3HT films on Si/Si02 substrates. To minimize 
the scattering contributions from the substrate during the synchrotron measurements, the 
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grazing incidence angle was fixed at 0.18° which is between the critical incidence angles (a c ) 
of Si02 (0.20°) and polymers (0.17°). Figure 4 shows diffraction patterns obtained from the 
samples in out-of-plane mode. The first peak (20 ~ 5.5°) corresponds to (100) and the second 
(20 ~ 11°), third (20 ~ 16°), fourth (20 ~ 24°) peaks represent (200), (300), (010), respectively 
[19,21]. The (100), (200) and (300) reflections correspond to the lamellar type stacking of the 
two-dimensional conjugated planes (d = 16.7 A) and (010) reflections correspond to the n-n 
interchain stacking distance between the polymer chains (d = 3.8 A) [22]. 



C 


Figure 3. Molecular structure of poly (3-hexylthiophene). 




0 5 10 15 20 25 30 



Figure 4. Diffraction patterns of spin coated and rubber-stamp-printed P3HT film obtained by 
synchrotron grazing-incidence X-ray diffraction (GI-XRD) measurements (out-of-plane mode). 
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Results show that strong (100) reflections were observed in spin-coated as well as printed 
P3HT films, whereas (010) reflections were very weak. This implies that the (100)-axis has 
the preferred orientation normal to the film surface. The difference in the intensity of (hOO) (h 
= 1, 2, 3) reflections in spin coated and printed films may result from the difference in film 
thickness. However, the intensity of (010) reflections in printed film is higher than spin 
coated sample, suggesting that printed films have more random structure than spin-coated 
films. This is due to the different film forming conditions during the rubber stamp printing 
process. In rubber stamp printing, P3HT film is formed with a very rapid growth rate by a 
stream of N 2 gas and consequently results in more disordered structure than spin coated films. 
However, despite the fact that the printed films have less ordered structure than spin coated 
films, it has preferential orientation of (100)-axis normal to the film surface and suggests that 
the organic transistors with high field-effect mobility can be achieved using the rubber stamp 
printing. 

Figure 5 shows the transfer characteristics of organic transistors fabricated with as- 
received (93% in regioregularity) and purified (98% in regioregularity) P3HT materials. Here, 
the active channel was printed using the rubber stamp. With low regioregular material (93%), 
the field-effect mobility was found to be 0.025 cm /V*s and the on/off ratio was 10 - 10 
(Figure 5(a)). However with purified material (98%), the field-effect mobility increased to 
0.079 cm /V*s with a maximum value of 0.1 cm /V’s and the on/off ratio also increased to 10 
- 10 5 (Figure 5(b)). Consequently, using higher regioregular P3HT, field-effect mobility and 
on/off ratio were improved by factors of 3 and 10 2 , respectively. The enhancement of field- 
effect mobility is attributed to more microcrystalline P3HT domains which have preferential 
orientation of (100)-axis normal to the film surface. In other words, more microcrystalline 
domains have 71-71 interchain stacking direction parallel to the charge moving direction in a 
transistor and consequently enhancing the charge transport in the device. 




Figure 5. Transfer characteristics of rubber-stamp-printed OTFTs on polycarbonate substrates with; (a) 
as-received P3HT (93% in HT regioregularity), and (b) purified P3HT (98% in HT regioregularity). 
(L=25 pm, W=500 pm, V DS = -30V). 
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2.5. Stability 

Most of the functional organic materials are very sensitive to air, leading to significant 
degradation or failure of the device. In order to achieve an air-stable and reliable device, the 
degradation process by the air must be clarified beforehand. Several physical mechanisms 
have been proposed for the degradation recently, such as trapping of charges at 
semiconductor-insulator interface [23] or at the grain boundary [24] and chemical degradation 
of the organic material. In this section, the stability of P3HT OTFT in various test 
environment conditions is discussed. 

Figure 6 shows the changes in field effect mobility of an OTFT device as a function of 
time and measured condition. The field effect mobility was calculated in the saturated regime 
using the follow Eq. 1, 



where Ids is the drain current, Q the capacitance per unit area of the gate insulator layer, V g 
and V, are the gate voltage and threshold voltage, respectively. 

When the device was measured in vacuum, the change in mobility was relatively small, 

3 

although the mobility constantly decreased. The initial mobility of the device was 4.48 x 10" 
cm /V-s and decreased to 1.61 x 10" cm /V-s after 7 hours in the vacuum chamber. However, 
when the air was inserted into the chamber, rapid degradation of the device was observed. 

5 2 

Typically, after 15 minutes of exposure, the mobility decreased to 1.02 x 10" cm /V-s. 



Time (sec) 


Figure 6. Dependence of field effect mobility on the measured condition (as a function of time). 
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The changes in the on and off currents as a function of time and measured condition are 
shown in Figure 7. The on current is the current measured at Vqs = Vds = -40 V and the off 
current is the current measured at Vos = 5 V and V DS = -40 V. In the case off current, the 
current initially decreases to about 50% of its original value and saturates. When the air is 
inserted into the chamber, the off current first increases and then returns to its original value. 

In the case of on current, the degradation is more significant. The on current also 
decreases first and saturates in vacuum. However, as the air is inserted, the on current drops 
very rapidly. Typically, the initial on current is - 0.976 pA and saturated to about - 0.184 pA 
after 7 hours in vacuum. When the air is inserted, the current decreases down to - 0.013 pA. 
As a consequence, the on/off ratio was also greatly affected by the exposure to air. After 15 

3 1 

minutes of exposure, the on/off current was changed from 10 to 10 . 

The observed degradation of the OTFT device is possibly resulted from the fact that 
P3HT is sensitive to H 2 0 and 0 2 molecules present in air. Previously, Zhu et al. [25] reported 
a humidity sensor based on pentacene thin film transistors. According to this report, the 
saturation current of the device was vastly affected by the humidity change (the saturation 
current decreased as the relative humidity increased) and this reaction with humidity change 
was very fast (within a few tens of minutes). This reaction is due to the effect of humidity on 
the charge transport properties of pentacene. Since the pentacene film has a relatively open 
structure, H 2 0 molecules can easily diffuse into the film and interact with the trapped carriers 
by altering the electrical field at the grain boundary or change the morphology [26-28]. It is 
known that P3HT can be p-doped by atmospheric oxygen and charge transfer complexes can 
be formed by interact with oxygen and light [29,30]. However, when oxygen gas was inserted 
into the chamber instead of air, a rapid degradation of the device was not observed. Hence, 
oxygen is not responsible for the rapid degradation. More detailed studies are under 
investigation to clarify this rapid degradation process, whether the H 2 0 molecules are 
responsible for the degradation. 



0 5000 10000 15000 20000 25000 30000 


Time (sec) 


Figure 7. Dependence of on and off current on the measured condition (as a function of time). 
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In Figure 8, the threshold voltage shift of the OTFT device under various operating 
conditions is shown. As well as the field effect mobility and on/off current, the threshold 
voltage is also dependent on the exposed time and operation conditions. Initially negative 
threshold shift is observed in every case. This negative threshold shift is attributed to charge 
trapping when the device is stressed with negative bias [23]. On longer time scales, the device 
shows positive threshold shift when exposed to air. However, in vacuum, no positive 
threshold shift can be seen and a saturation point is observed, which suggests that H 2 0 and 0 2 
molecules are also responsible for the threshold voltage shift, [reproduced from "Jpn. J. Appl. 
Phys. 43 (2004) 3605”] 

In order to reduce the threshold voltage shift, a passivation layer of Si0 2 can be deposited 
on the device, which is widely used as a diffusion barrier for oxygen and water vapor 
molecules. As shown in the graph, when the passivation layer of Si0 2 is deposited on the 
device, the rate of threshold voltage shift decreases. Thus this implies that the threshold 
voltage is also affected by the exposure to air and a passivation layer is a prerequisite for an 
air stable device. 



Time (sec) 

Reproduced from "Y. H. Kim et al., Jpn. J. Appl. Phys. 43, 6A (2004) 3605". 

Figure 8. Threshold voltage shift of P3HT OTFT device under various operating conditions. A 50-nm- 
thick Si0 2 passivation layer is applied and measured in air condtion. 

Figure 9 shows the changes in the transfer characteristics of an OTFT device as a 
function of time. When the device is measured in vacuum (Figure 9(a)), the change in the 
transfer characteristic is relatively small, although the curves show a constant negative shift 
(Figure 10) and decrease in the drain current. The initial mobility of the device was 4.48 x 10" 

3 2 3 2 

cm /V-s and decreases to 1.61 x 10" cm /V-s after 7 hours in the vacuum chamber. Also, the 
threshold voltage changed from 8 V to 1 V. 
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When the air is inserted into the chamber, rapid degradation of the device was observed. 

3 2 

Typically, after 15 minutes of exposure the mobility decreases from 1.61 x 10" cm /V-s to 

5 2 * 

1.02 x 10" cm /V-s. Figure 9(b) shows the changes in the transfer characteristics as a function 
of time after air is inserted. As the exposed time increases, degradation in the current 
modulation is significant and after 15 minutes of exposure, the on/off ratio of the device 
becomes less than 10. The degradation of the on/off ratio is caused by increase in the off state 
current and decrease in the on state current. However, interestingly the transfer characteristic 
of the device returns to the initial state when the device is again set in a vacuum state or 
instead of air, N 2 gas is inserted into the chamber. 



Figure 9. Transfer characteristics of rubber stamp printed thin film transistors as a function of time, (a) 
when the transistor is in vacuum state, (b) after air is inserted. 



Figure 10. Curves of square root of the drain current vs. gate voltage of rubber stamp printed thin film 
transistors as a function of time, (a) when the transistor is in vacuum state, (b) after air is inserted. 

Figure 11 shows the changes in output characteristics of a transistor in vacuum state. The 
drain-source voltage was swept from 0 V to - 30 V and the gate-source voltage was 0 V to - 
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40 V, with - 10 V of step. Along with the negative shift of the threshold voltage, the current 
flowing in P3HT layer also decreases, suggesting another source of degradation. 



Figure 11. Output characteristics of a rubber stamp printed thin film transistor, (a) at initial state, and 
(b) after 180 minutes placed in a vacuum chamber. 


2.6. P3HT OTFT-Driven AMLCD 

P3HT based OTFT-LCD was fabricated with PC substrates by employing the rubber 
stamp printing method. Figure 12 shows the optical images of the OTFT array and the 2” 
panel fabricated with PC substrates. For the fabrication of a reliable OTFT-LCD, we tested 
and measured the expansion and contraction ratio of the PC substrate after each process. On 
the basis of the measured values, we constructed the OTFT-LCD having 32 x 24 pixels and 
500 pm pitch within the range of 0.5 to 1 pm alignment error. The channel width and length 
of the TFT device were 500 pm and 25 pm, respectively. The dimension of the pixel was 850 
pm x 850 pm. [reproduced from "Jpn. J. Appl. Phys. 43 (2004) 3605"] 

The response of the single OTFT-driven cell made on flexible substrates as a function of 
dc gate bias is shown in Figure 13. The pixel was switched ON with sufficient negative dc 
gate bias (> -18 V) and ac wave form (60 - 100 Hz) applied to the source electrode. The 
panel was a twisted nematic (TN) type and normally white (NW) mode was used. The 
transmission, response time and viewing angles were measured using an LCD 
characterization system (DMS 501, Autronics). The typical contrast ratio of a single pixel was 
varied from 30 to 50:1 and the response time was 20 to 30 ms. [reproduced from "Jpn. J. 
Appl. Phys. 43 (2004) 3605”]. 






196 


Jeong-In Han, Sung Kyu Park and Yong-Hoon Kim 




Reproduced from "Y. H. Kim et al., Jpn. J. Appl. Phys. 43, 6A (2004) 3605”. 

Figure 12. Optical and schematic images of OTFT-LCD panel (32 x 24 pixels). Inset image shows 
when the pixels are turned ON when the DC gate bias was -16 V. 



DC gate bias (V) 

Reproduced from "Y. H. Kim et al., Jpn. J. Appl. Phys. 43, 6A (2004) 3605". 

Figure 13. Electro-optical characteristics of P3HT based OTFT-LCD as a function of dc gate bias. The 
panel was a twisted nematic (TN) type and normally white (NW) mode was used. 
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3. TIPS Pentacene Based OTFTs 

Previously, most of the organic semiconductors used in the fabrication of OTFT were 
polymer based materials. However, polymer semiconductors have limited electrical 
performance of maximum field-effect mobility less than 0.1 cm /Vs. Although some types of 
displays can be driven by these low-performance OTFTs but in order to compete with a-Si 
TFTs, the field-effect mobility must be more than 0.5 cm 2 /Vs. In order to satisfy this 
requirement for display applications, pentacene or other oligomer type semiconductors were 
developed. 

2 

Even though the pentacene and oligomers show field-effect mobility more than 1 cm /Vs 
(sometimes more than 10 cm /Vs), these materials are not soluble in common organic 
solvents. Recently, Anthony et al. synthesized 6,13-bis (triisopropylsilylethynyl) (TIPS) 
pentacene, which added bulky functional groups at the 6, 13 positions of pentacene molecule 
[31]. Also, Kuo et al. showed OTFTs using solution processible Triethylsilylethynyl 
anthradithiophene (TES ADT) with field-effect mobility up to 1 cm 2 /Vs [32]. 

In this section, the fabrication process of TIPS pentacene OTFTs and the effect of solvent 
on the crystallinity, morphology and electrical properties will be discussed. Also, 
improvement of extrinsic mobility by using suspended source/drain electrode is introduced. 


3.1. 6,13-Bis (Triisopropylsilylethynyl) (TIPS) Pentacene 

The molecular structure of TIPS pentacene is shown in Figure 14. TIPS pentacene has 
high solubility in organic solvents due to the added bulky functional groups. Also, these 
functional groups lead to cofacial tz-tz stacking structure. Because of this arrangement, 
interplanar spacing of the aromatic ring in TIPS pentacene crystals is 3.47A [33,34]. 


Si 




Figure 14. The molecular structure of ,13-bis (triisopropylsilylethynyl) (TIPS) pentacene. 


3.2. Device Structure and Fabrication 

Similar to P3HT OTFTs, TIPS pentacene OTFTs are fabricated with a bottom-gate and 
bottom-contact source/drain structure (Figure 15). On a patterned metal gate electrode, an 
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organic gate insulator, poly-4-vinylphenol (PVP) is spin-coated and thermally cured. For 
source/drain electrode, e-beam-deposited Cr with a thermally evaporated Au layer are 
deposited and patterned. Before spin coating the organic semiconductor, the surface of PVP 
gate insulator is modified using a self-assembled monolayer or HMDS solution. Then, TIPS 
pentacene is coated on the channel region by using solution processes such as spin coating, 
dip coating and inkjet printing. 


TIPS pentacene 

Au —-► 1 

Cr -* 

PVP (480 nm) 

AlSi (100 nm) 

Si0 2 (100 nm) 

Substrate 

Figure 15. Schematic diagram of a bottom-contact type OTFT with spin-coated TIPS pentacene active 
layer. 


3.3. Solvent Effect on Film Morphology 

The film morphology, crystallinity and the electrical properties of TIPS pentacene OTFTs 
are largely affected by choice of a solvent. Various solvents were selected and tested to 
determine the solvent effect on the film morphology of TIPS pentacene films: the solvents 
were chlorobenzene, chloroform, xylene and toluene which have boiling points (BPs) of 
131.7°C, 61.7°C, 138.4°C and 110.6°C, respectively [35]. The concentration of all TIPS 
pentacene solution was 1 wt%. After spin coating, the samples were heated on a hotplate to 
remove the residual solvent. The thicknesses of spin coated TIPS pentacene layers were 50 to 
70 nm. However, in the case of toluene, the spin coating was not done uniformly because of 
the bad wettability of on PVP gate insulator. 

The optical microscope images of spin-coated TIPS pentacene films from different 
solutions are shown in Figure 16. Clearly, the morphology of TIPS pentacene film changes 
significantly depending on the solvent used. The TIPS pentacene films spin-coated from 
chlorobenzene and xylene show dendrite-like morphology (Figure 16(a) and 16(b)), whereas 
the pentacene film spin-coated from chloroform has pores with a diameter of - 20 pm (Figure 
16(c)). It was relatively difficult to obtain a uniform film from toluene because the wetting 
property between toluene and PVP layer was not good as other solvents and resulted in a film 
having discrete crystalline islands as shown in Figure 16(d). 

The XRD results of TIPS pentacene films obtained from four different solvents are 
displayed in Figure 17. Single crystal TIPS pentacene has a triclinic structure with unit cell 
parameters a = 7.5650 A ,b = 7.7500 A, c = 16.835 A, a = 89.15°, = 92.713° and y = 83.63° 

[33]. Therefore, the peaks observed at 5.4° correspond to intermolecular spacing of 16.8 A 
indicating that preferential orientation of (OOl)-axis normal to the surface. From the XRD 
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results, the degree of crystallinity (peak intensity) increases in the order of chloroform, 
toluene, xylene and chlorobenzene [35]. 



Figure 16. The optical images of spin-coated TIPS pentacene films on HMDS-treated PVP gate 
insulator using, a) chlorobenzene, b) xylene, c) chloroform and d) toluene as a solvent. The 
concentration of each solution was 1 wt%. 



Figure 17. The XRD results of TIPS pentacene films obtained from four different solvents. (Single 
crystal TIPS pentacene has a triclinic structure with unit cell parameters a = 7.5650 A, b = 7.7500 A, c 
= 16.835 A ,a = 89.15°, p = 92.713° and 7 = 83.63°) 
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The strong solvent dependence of morphology and crystallinity of TIPS pentacene films 
can be explained by the aromaticity and BP of solvent. It has been suggested that the 
morphology of polymer films is greatly affected by the aromaticity of solvent used in the 
coating process [36,37]. For aromatic solvents such as dichlorobenzene, chlorobenzene and 
xylene, the solvent molecules solvate the 7i-electron conjugated segments of polymer. As a 
result, films having better n-n stacking and electrical conduction are obtained. On the other 
hand, for non-aromatic solvents such as tetrahydrofuran and chloroform, the solvent 
molecules solvate non-conjugated segments of polymer and therefore films with lower 
electrical conduction are obtained [36]. Since TIPS pentacene molecule contains five benzene 
rings (7r-electron conjugated segments) it is expected that the aromaticity of solvent will have 
a significant effect on its morphology as in polymer systems. 

In addition to aromaticity, the BP of solvent can affect the morphology and crystallinity 
of TIPS pentacene films. It was reported that polymer semiconductor film obtained from a 
solvent having a higher BP had a better crystallinity compared to the film from a solvent with 
lower BP [38]. Also, the mobility increased approximately by a factor of 10. The improved 
crystallinity and mobility can be attributed from the fact that when using a solvent with a 
higher BP, the evaporation time increases and facilitates the growth of a highly crystalline 
film. Whereas, when using a solvent having a lower BP rapid evaporation limits the time for 
crystallization during spin coating process [38]. It is not clear whether the aromaticity or the 
BP plays a dominant role in determining the morphology and crystallinity of the organic films 
since most of the aromatic solvents have higher BPs than the non-aromatic solvents [35]. 
However, it is clear that both aromaticity and BP of solvent have significant effects on the 
film characteristics and more variety of solvents should be examined to fully understand their 
effects. 

3.4. Solvent Effect on Electrical Properties 

In this section, the solvent effect on the electrical properties of TIPS pentacene is 
discussed. To investigate the relationship between the electrical characteristics of OTFT and 
the crystallinity of TIPS pentacene film, OTFT devices were fabricated by using each solvent. 
Figure 18 shows the transfer characteristics of fabricated organic transistors. 

The OTFT made from chlorobenzene exhibited the highest mobility ranging from 0.01 to 
0.1 cm /Vs, with an average mobility of 0.04 cm /Vs. On the other hand, the OTFT made 

-4 5 2 

from chloroform showed mobility of 10" - 10" cm /Vs. The average mobilities of OTFTs 
from xylene and toluene were 0.01 cm /Vs and 0.002 cm /Vs, respectively. These results are 
consistent with the results from XRD analysis of TIPS pentacene films showing that TIPS 
pentacene film having higher degree of crystallinity exhibits higher electrical characteristics. 
The current on/off ratio also was affected by the solvent and the highest on/off ratio was 
obtained when using chlorobenzene as a solvent (4.3 x 10 ). The device made from 
chloroform had the lowest on/off ratio due to extremely low on-state current (4.3 x 10 ). 
Unlike ink-jet printed devices, the spin-coated TIPS pentacene OTFTs have rather large off- 
state current in the range of 10" 9 A (in ink-jet printed device, the off-state current is in the 
order of 10" - 10" A). The rather large off-state current observed in spin-coated OTFT is 

attributed to undefined (not-pattemed) organic semiconductor layer and residual impurities 




Solution-processed Organic Thin-Film Transistors 


201 


present in the solution or extrinsic doping effect could give rise to the off current of the 
device [38], 
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Figure 18. The transfer curves of bottom-contact type TIPS pentacene OTFTs spin-coated with 
different solvents. The OTFTs were operated in saturation mode where the gate voltage was swept from 
+20 V to - 40 V with a fixed source-drain voltage of -40 V. 

It has been reported that the electrical properties of OTFTs such as mobility, on/off ratio 
and threshold voltage are affected by the active layer thickness [39]. With a thicker active 
layer, higher drain current and mobility are obtained while the on/off ratio is decreased due to 
more leakage current. 

The threshold voltage of OTFT was also changed by the choice of solvent. The threshold 
voltage was extracted from the x-axis intercept of the linear portion of the plot VIds vs. Vqs 
curve. Using chloroform as a solvent, the threshold voltage of OTFT was around - 8 V 
(operate in accumulation mode), whereas using chlorobenzene and toluene, the threshold 
voltages were positively shifted to +6 and +7 V (operate in depletion mode), respectively. 
The OTFT from xylene shows the lowest threshold voltage of approximately -2 V. The 
threshold voltage of a transistor is influenced by several factors such as the interface states of 
semiconductor/insulator, trap states in the bulk and surface potential of the gate insulator [40]. 
In this case, it is possible that residual impurities which were originally present in the solvent 
may have affected the interface state of semiconductor/insulator and shifted the threshold 
voltage. However, to fully understand the threshold voltage shift by the solvent, the roles of 
residual impurities in semiconductor/insulator interface states and alteration of gate insulator 
surface by the solvent should be further investigated. 
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3.5. Suspended Source/Drain Electrode Structure 

As describe in previous sections, top contact and bottom contact source/drain structures 
are frequently used in OTFTs. The top contact OTFT exhibits higher field-effect mobility and 
lower mobility-dependence on channel length compared to bottom contact OTFT due to 
lower S/D contact resistance [41]. However in top contact OTFT, the channel length is 
limited by the feature size of a metal shadow mask and is extremely difficult to fabricate 
transistors having short channel length [42]. In bottom contact OTFT, it is rather easy to 
fabricate short channel transistors by means of photolithography. But, the high S/D contact 
resistance in bottom contact OTFT becomes an issue when the channel length is scaled down 
under 10 pm because the extrinsic field-effect mobility is degraded by more than 2 orders due 
to the high contact resistance [43]. 

There have been many attempts to lower the S/D contact series resistance in bottom contact 
OTFTs[42,44,45]. Previously, a bottom contact OTFT employing a self-assembled monolayer 
(SAM) as an adhesion layer for Au S/D electrode has been reported [42]. Compared to Cr or Ti 
adhesion layer, the S/D contact resistance was reduced by more than four orders using SAM 
adhesion layer. Also, the effect of S/D undercut in pentacene OTFTs has been reported [45]. 
The S/D undercut with a length of - 0.2 pm improved the saturation field-effect mobility by - 
35% but degraded the mobility in linear region by a factor of 1/9 [45]. 

To improve the contact between the organic semiconductor and S/D electrodes, a 
suspended source/drain (SSD) structure is suggested (Figure 19(a)). In SSD structure, the S/D 
electrode is suspended over gate insulator with a controlled gap. The organic semiconductor 
fills in this gap forming a channel layer. The SSD OTFT can be fabricated by the 
conventional bottom contact OTFT process which implies that OTFTs with short channel 
length can be easily obtained. In addition, because the S/D electrode is suspended over the 
gate insulator, the SSD OTFT is expected to have a top-contact-like structure. By employing 
the SSD structure, the OTFT shows very steep subthreshold slope, low threshold voltage as 
well as higher mobility in linear region compared to bottom contact OTFTs. 
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Reprinted with permission from Y. H. Kim et al, Appl. Phys. Lett., 91, 4, 042113, 2007. Copyright 2007, 
American Institute of Physics. 


Figure. 19. Schematic diagrams of (a) a suspended source/drain (SSD) OTFT and (b) a bottom-contact 
OTFT. From the cross section view, the SSD OTFT shows a top-contact-like S/D structure rather than a 
bottom-contact S/D structure. 
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The schematic diagrams of a SSD OTFT are shown in Figure 19(a). The SSD OTFTs are 
fabricated with the bottom-gate architecture. On a glass substrate, indium-tin-oxide (ITO) 
gate electrode is deposited and patterned. On the top of the gate electrode, an organic gate 
insulator, is spin-coated and cured. For SSD electrode, Cr (50 nm-thick) and Au (50 nm- 
thick) layers are deposited. The Cr sacrificial layer is completely etched in the active area 
providing a freestanding and suspended Au S/D electrode. Finally, TIPS pentacene is printed 
using an ink-jet printing machine with a 30 pm piezoelectric-type nozzle. For a comparison 
bottom contact OTFTs are also fabricated using ITO gate electrode and PVP gate insulator 
(Figure 19(b)). As S/D electrode, 3 nm-thick Cr and 50 nm-thick Au layers are deposited and 
patterned by photolithography and wet etching. 

The optical microscope image and scanning electron microscope (SEM) images of SSD 
OTFT are displayed in Figure 20. The channel width and length of the transistor are 125 pm 
and 10 pm, respectively. The Cr layer under the Au electrode in the active area (top of the 
gate electrode/insulator stack) is completely wet-etched except the edge regions where much 
wider Cr lines exist. It was possible to fabricate over 150 pm-long SSD structure using this 
technique. 



Reprinted with permission from Y. H. Kim et al., Appl. Phys. Lett., 91, 4, 042113, 2007. Copyright 2007, 
American Institute of Physics. 

Figure 20. (a) Optical image of SSD OTFT before printing the organic semiconductor (the image was 
taken from the backside of the substrate). The channel width and length of the transistor were 125 pm 
and 10 pm, respectively, (b) Scanning electron microscope (SEM) image of SSD OTFT after printing 
TIPS pentacene (c) SEM image of SSD OTFT in the channel region showing TIPS pentacene grains (d) 
SEM image of TIPS pentacene on S/D electrode. The size of the TIPS pentacene grains ranges from 0.5 
~ 1 pm. 
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The transfer characteristics of ink-jet printed TIPS pentacene OTFTs with conventional 
bottom contact S/D structure and SSD structure are shown in Figure 21 (both devices had 
channel width and length of 125 pm and 10 pm, respectively). In the case of bottom contact 
OTFT, the thickness of Cr adhesion layer was 3 nm in order to minimize the S/D contact 
resistance. The field-effect mobility in the linear region was obtained from transconductance 
igm) by Eq. 2 [46], 
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where Ids is the drain current, L is the channel length, W is the channel width, Q is the 
capacitance per unit area of the gate insulator, Vgs is the gate-source voltage and Vos is the 
drain-source voltage. 



Gate-Source Voltage (V) Gate-Source Voltage (V) 

Reprinted with permission from Y. H. Kim et al, Appl. Phys. Lett., 91, 4, 042113, 2007. Copyright 2007, 
American Institute of Physics. 

Figure 21. The transfer curves of ink-jet printed TIPS pentacene OTFTs with conventional bottom 
contact S/D structure (a) and with SSD structure (b). The field-effect mobility, threshold voltage and 
subthreshold slope of bottom contact OTFT were 0.007 cm /Vs, +9 V and 4.5 V/decade, respectively. 
The SSD OTFT exhibited field-effect mobility, threshold voltage and subthreshold slope of 0.29 
cm /Vs, -3 V and 0.6 V/decade, respectively. The channel length and width of both bottom contact and 
SSD OTFTs were 125 pm and 10 pm, respectively. 

The bottom contact OTFT exhibits field-effect mobility of 0.007 cm 2 /Vs and V T h of +9 
V, whereas the SSD OTFT shows field-effect mobility of 0.29 cm 2 /Vs and Vth of -3 V. The 
on/off ratio increased from 10 to 10 and the subthreshold slope decreases from 4.5 V/decade 
to 0.6 V/decade by employing the SSD structure. Surprisingly, the subthreshold slope 
becomes much steeper in SSD OTFT compared to that of bottom contact OTFT. It is known 
that the subthreshold slope (S) can be expressed approximately by Eq. 3 [47], 

S = U T ln(10)(l+ C Y C " ) 


( 3 ) 
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where U T is the temperature voltage, Q, C it , and C ox are the depletion capacitance, the 
interface trap capacitance and the gate insulator capacitance, respectively. The interface traps 
as well as bulk trap states in organic semiconductors are responsible for variation of 
subthreshold slope. Especially the concentration and energetic position of acceptor-like bulk 
traps in organic semiconductor have dominant effect on the subthreshold characteristics in 
organic transistors [48]. In SSD OTFT, the growth of organic semiconductor in the active 
area is restricted by its geometry (50 nm gap between suspended Au electrodes and PVP gate 
insulator), whereas in bottom contact OTFT the growth of organic semiconductor is restricted 
within the narrow S/D electrodes. Therefore, the significant improvement in the subthreshold 
characteristic of SSD OTFTs reflects that the SSD structure can effectively lower the 
concentration of insulator-semiconductor interface traps and/or acceptor-like bulk traps in the 
organic semiconductor. Also, the higher field-effect mobility observed in SSD OTFT shows 
that the crystallinity of TIPS pentacene is improved using the SSD structure. 


4. Conclusion 

This chapter described the device structure, fabrication process and effect of solvent on 
the morphology, crystallinity and electrical properties of solution-processed OTFTs. In 
solution-processed OTFTs, selecting a proper solvent for organic semiconductor is essential 
in realizing high performance OTFTs, as well as optimization of device structure and 
fabrication processes. 
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Abstract 

Organic light emitting device degradation mechanisms have been elaborated. A novel 
technique to inhibit the growth of dark spots and improve device lifetime have been proposed. 

The technique involved the development of organic film such as Parylene, Teflon and other 
suitable high barrier and dielectric organic polymer materials in the device structure which 
proved to improve device lifetime by 100 folds. A new analytical tool, low frequency 
fluctuation, has been setup for organic device lifetime characterization. Correlation between 
the process of device degradation and the low frequency fluctuation was successfully 
established. 

Keywords: Dark Spot Formation Mechanism Studies, Organic Device Degradation, 
Development of Proprietary Dark Spot Inhibition Technology and Device Lifetime 
Estimation Methodology. 


1. Introduction 

One of the critical challenges that the OLED industry is facing is the need to improve 
device lifetime to standards benchmarked by the conventional display technologies. 
Degradations in OLEDs typically manifest in the forms of non-emissive areas known as dark 
spots. These dark spots substantially reduce device luminescence and proliferate as the device 
degrades. In order to improve an OLED’s lifetime, it is crucial to investigate the formation of 
these dark spots so that we can identify the real causes of degradations and devise appropriate 
measures to mitigate the degradation mechanisms. A real understanding in dark spot 
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formation mechanisms will pave the way for new technologies to increase the lifetime of 
OLED devices dramatically. 

From the earlier studies, there are numerous explanations to account for the formations of 
dark spots. Some studies conjectured that electrical shorts and the metal diffusion [1,3] into 
polymers are the main culprits behind dark spots formations. These short circuit points also 
lead to the formation of pin holes and local fusion of the polymer and the metallic cathode 
[4]. In addition, it had been suggested that device degradation is largely due to delamination 
between different layers [5], crystallization of organic materials such as emitting or hole- 
transport materials, or electrochemical reaction on interfaces. The device lifetime may also be 
limited by photodegradation of polymer materials mainly due to photo-oxidation caused by 
either residual oxygen in the polymer itself or by that released from the indium-tin-oxide 
(ITO) [2]. According to some recent articles, degradation of organic electroluminescent 
materials and/or metallic cathode is the reason for dark spot formation and final device failure 
[3]. Despite numerous attempts to explain device degradation process, its understanding is far 
from being complete and there is still no consensus. 

The purpose of our study is to put forward an explanation on the mechanism of dark spot 
formation. The mechanism as proposed here is that due to metal migration, the indium tin 
oxide / polymer interface roughens during device operation. The roughening of the interface 
results in the formation of sharp metal protrusions at which intense current stresses are 
localized. The intense local current degrades the polymer, causing the growth of the non- 
emissive dark regions. 

Furthermore, based on the above degradation mechanism, the research team proposes a 
novel technique to inhibit the growth of dark spots. The technique involved the development 
of organic film such as Parylene, Teflon and other suitable high barrier and dielectric organic 
polymer materials on the ITO layer prior to deposition process of hole-transport layer. The 
newly added organic interlayer covers the spikes present in the ITO film and thus, provides a 
smoother surface to the subsequent organic layer. In the experiment, it is observed that the 
added Parylene interlayer remains stable and does not experience significant roughening 
under electrical stress. A smoother ITO interface leads to a more uniform current flow and 
minimizes the formation of the non-emissive regions. It is also demonstrated in the 
experiment that by inserting an additional Parylene layer in between the EF polymer and the 
cathode layer, the device cathode layer can be further stabilize and impede the growth of the 
dark spots. These experiments serve to further substantiate the dark spot formation 
mechanisms as proposed by the research team and even more importantly, constitutes to the 
team’s patented technology of the new OFED architecture with organic interlayer 
enhancement. 

Finally, the article shall present an observation on the correlation between the occurrence 
of dark spots in a degraded OFED device and the low frequency noise exhibited in the device. 
The experiment showed that the occurrence of dark spots in a device is primarily correlated to 
current 1/f noise slope: the higher the slope, the poorer the interface, and the more abnormal 
dark spot growth rate and the shorter lifetime. In addition, the higher the noise magnitude, the 
larger is the dark spot initial size. These are interesting observations that help to provide a 
basis for new analytical methodologies to estimate device lifetime by means of noise spectral 
analysis. 
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2. Mechanism for Orgnic Device Degradation 

Development of OLED Samples 

In the experiment, an organic bilayer device structure is adopted for the study of dark 
spot formation as the OLED device undergoes electrical stresses. The device under test is 
developed by depositing the hole-transport layer with polyethylenedioxythiophene (PEDOT) 
and the emitting layer with MEH-poly (p-phenylene vinylene) (PPV). These two layers are 
developed by means of thermal evaporation in between the Indium-Tin Oxide (ITO) anode 
and Calcium cathode. 


Observation of Dark Spot Formation under Electrical Stresses 

In order to conduct electrical stressing on the test device, a constant voltage source of 6V 
was connected across the test device in N 2 at an ambient temperature of 21 °C and humidity 
of 60%-70%. In this setup, the stress current was measured to be 2.32mA. Upon duration of 
20 minutes, numerous dark spots which developed as a result of electrical stresses could be 
discerned under a microscope (Figure la) viewed from the top of the substrate. 



* 


7fH|dr| 



Figure 1. Dark spot seen under the microscope (a): drive voltage at 6 V, current at 52.32 mA; duration 
of electrical stress is 20 min; (b) drive voltage at 10 V, current is 5.89 mA; duration of electrical stress 
is 20 m 15 s. 

As the drive voltage was increased to 10 V with a current of 5.89 mA, a weak emitting 
area surrounding the core began to develop as in Figure lb. The non-emissive area remained 
circular when they did not overlap with one another. As the stress duration increased, it could 
be observed that the weakly emitting area enlarged and merged with the adjacent ones while 
the non-emissive area still remained circular. The dark spot at the center took an irregular 
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dark shape. The dark spot at the center could not be clearly discerned in the beginning, but 
after some period of time, the dark center appeared, which was confirmed via scanning 
electron microscopy to contain only carbon and metal particles [7]. 


Photoluminescence Spectral 

To investigate the causes for the formation of the weak emissive regions, PL spectra were 
taken at the bright area and the weakly emissive area. As shown in Fig 2, PL intensity 
dropped to almost zero in the area within the weakly emissive area. It was noted that there 
were three spectral peaks centered at 510, 550 and 570 nm. After degradation, the peak at 510 
nm was totally quenched. This could be due to bond breakage resulting in the elimination of 
one of the emitting species and, at the same time, restricting carrier flow. 



Figure 2. Photoluminescence spectra taken for the bright area and non-emissive area in the electrically 
stressed device. The peak centered at 510 nm is quenched in the weakly emissive area. 


SIMS Depth Profile 

In order to obtain elaborated information on the degradation effects of electrical stresses, 
SIMS profiles of the Ca and In distributions in the bright, weakly emissive area and non- 
emissive areas in the stressed device were acquired as in Figure3. The zero point of the 
abscissa was set at device surface (Ca electrode). It was observed from the SIMS results that 
the Ca profile was broader within the weakly emissive area compared to the normal bright 
area. There was also a severe overlap with the In profile in non-emissive area as compared to 
the normal bright area. In the weakly emissive area, on the other hand, the Ca and In profiles 
exhibited a transitional status, with a slightly longer sputtering time to reach these layers and 
a smaller overlap compared with those from the non-emissive area. This strongly suggested 
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that the polymer had degraded in the non-emissive area and caved in towards the glass side 

[ 8 ]. 


c/) 


o 

O 


£2 

03 

"O 

O 

O 

CD 

c n 


10000 L 


1000 L 


100 L 


10 L 


1 \r 


-20 


Glass Substrate 


Glass Substrate 



0 


20 


40 


60 


80 


— Ca non-stress 

— Ca bright area 

— Ca dark area 

— In non-stress 

— In bright area 

— In dark area 


100 120 140 160 180 200 


Sputter Time (sec) 


Figure 3. SIMS depth profile for Ca and In on bright area and the weakly emissive area in the 
electrically stressed device. 

Furthermore, there was a reduction in ITO thickness in the non-emissive area as a result 
of electrical stress. All these observations suggested that the electrochemical or 
photochemical decomposition of the polymer had taken place in the non-emissive area under 
electrical stress. 

Deductions on Dark Spot Formation Mechanism 

The photoluminescence and SIMS profiles acquired in the experiment could be explained 
with the newly conjectured theory on OLED degradation mechanisms. As illustrated in 
Figure 4(a), the ITO polymer interface began to roughen under electrical stress and metal 
migration, leading to close proximity of materials at the Ca and In protrusion points. A large 
electric field intensity and current density was thus created at these protrusion points. The 
enhanced local luminescence and heating led to instability and further growth of local current 
densities. As the duration of electrical stress continued, the polymer might have broken down 
and led to short circuit in the device. This led to the formation of the central dark spot at the 
metal protrusion areas where high electrical current stress was localized. 

Subsequent electrochemical, photochemical reactions resulting in polymer decomposition 
might have occurred in the surrounding polymer under electrical stress. This might result in 
the formation of volatile species, as illustrated in Figure 4(a) (arrow a), and a large 
concentration of carbonyl groups which quenched luminescence from the polymer. 
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Figure 4 (a). Schematic diagram showing dark spot formation; (b) SEM image of the dark spot. 


As the electrical stress continued, the polymer became thinner as it degraded while the 
edge expanded as shown in Figure 4(a) (arrow b). The residue gas, which remained in the 
polymer during synthesis, might also evolve into big gas bubbles during current stress. The 
formation of the gas bubble might be further aided by the volatile species generated from 
polymer decomposition [8]. With stress time, the polymer at the dark spot center might 
become “carbonized” and result in a damaged area forming the non-emissive area. The 
“carbonized” phenomenon was verified via the scanning electron microscopy image of the 
dark spot center. As in Fig 4 (b), the EDX spectra revealed that the very center of dark spot 
consisted predominantly of In from the ITO, with a small amount of debris containing C, Ca, 
Ag, and O. 


3. Development of Dark Spots Inhibition Technique 

Proposed OLED Structure 

In view of the findings that the presence of cathode imperfection and interface roughness 
is well correlated to the formation of dark spots, an OLED structure and a suitable processing 
technology for the effective control of the formation of the non-emissive areas had been 
formulated. In order to reduce interface roughness between the ITO and hole-transport layer 
(HTL), a 3 nm thin layer of Parylene was deposited on the ITO glass used for device 
development. With an energy band gap of about 6 eV, Parylene shows good insulating 
properties. As the only way for charge carriers to cross the barrier is by tunneling, the layer 
was kept thin but free of pinholes. The HTL and the EL were subsequently developed with 
3,4-ethylene dioxythiophene and Ph-PPV respectively. Finally, a 5-nm thick calcium film 
covered with a 200 nm thick silver cathode was deposited by means of thermal evaporation. 
A new OLED structure with polymer interlayer enhancement was thus completed and ready 
for the experiment. 
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SIMS Depth Profiles with and Without Parylene Interlayer 

To ascertain that the polymer interlayer enhances the device durability against electrical 
stresses, the research team had developed another set of device without the Parylene 
interlayer to serve as the control in the experiment. Prior to electrical stressing, the SIMS 
depth profiles of the test devices (with and without the Parylene interlayer) were taken to 
exhibit the distribution of calcium, carbon and indium. These devices were then subjected to 
an electrical stress of 7 Volts for some times, and the SIMS profiles were again taken. 

It could be observed from the SIMS profile of the stressed device without the Parylene 
interlayer, as in Figure 5, that there was an obvious boundary movement for both the brightly 
lit area and the non-emissive area. In addition, the distributions were different for both the 
bright and dark areas. The Ca profile had expanded in the dark spot area as compared with 
that in the bright area. The indium profile boundary had moved closer to the calcium profile 
in stressed devices. These phenomena were interpreted as due to the migration of the metals. 
The relative position of the leading edges of the carbon and calcium profiles remained the 
same for the dark and bright areas. A wider carbon profile was detected in the dark spot area, 
signifying that the polymer had spread into the anode and cathode regions. 

In the SIMS profile of the device with Parylene interlayer enhancement, as in Figure 6, 
changes of both In and Ca profiles in the new device structures were insignificant. The In 
profile for stressed devices remained in the same position as compared to that prior to 
electrical stressing. It is only in the non-emissive area that the indium had obviously shifted 
and moved closer to the calcium profile. 
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Figure 5. SIMS profiles for device structure of ITO/HTL/EL/Ca/Ag. 
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Figure 6. SIMS profiles for device structure of ITO/3 nm parylene/HTL/EL/ Ca/Ag. 

From the above observation, it can be deduced that the thin Parylene interlayer in 
between the ITO and the HTL had effectively stabilized the Ca and In profiles during 
electrical stressing. In the stressed device with Parylene interlayer, the In profile remained in 
the same position for the emitting areas as that in the non-stressed case. Only in the non- 
emissive area did the In and Ca profiles overlap. A distinct feature that is worth noting is that 
the Ca profile did not exhibit a shoulder where the polymer resided, and for this reason on the 
Ca ion counts remained high. The slopes of the Ca and In profiles remained the same 
indicating no roughening of the interfaces at both the anode and cathode surfaces in contact 
with the PPV polymer. As proposed in the new degradation mechanism, the roughening of 
the ITO/HTL interface results in the formation of sharp metal protrusions at which intense 
current stresses are localized and accelerates the growth of the non-emissive dark spots. The 
Parylene interlayer, thus, serves a very useful purpose in our new OLED architecture in 
resolving the roughening phenomenon of the ITO/HTL interface and increasing the device 
lifetime dramatically. 

To further ascertain that the Parylene interlayer improves the surface smoothness of the 
ITO / HTL interface, the device structure had been investigated under the atomic force 
microscope (AFM). As seen in the comparative images between the Parylene-enhanced and 
ordinary devices in Figure 7, the addition of the Parylene layer effectively reduced the 
interface roughness from 1.295 to 0.78 nm. The improved smoothness of the interface was in 
line with our SIMS result. The improvement was attributed to the Parylene film providing a 
conformal coverage of the ITO spikes. Furthermore, the smoother Parylene surface provided 
an organic-organic contact between the ITO/HTL, as compared to the inorganic-organic 
contact in the ITO/HTL interface of the traditional structure. 
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Figure 7. AFM images obtained over an area of 1 mm31 mm on polymer surface with structure (a) 
ITO/HTL/EL, roughness is 1.295 nm and (b)ITO/3 nm parylene/HTL/EL, roughness is: 0.78 nm. 

The enhancement effects of the Parylene interlayer was further studied under optical 
microscopy. It was observed that the device with the Parylene layer showed not only fewer 
non-emissive dark spots but also exhibited a slower dark spot formation growth rates. Figure 
8 shows the picture of the non-emissive dark areas after the devices, both with and without 
the Parylene layer, were taken out from the cathode evaporation chamber and stressed for 20 
min. It was further noted that failure mode of the device with the Parylene layer was typically 
associated with the areas growing dimmer rather than the spontaneous appearance of dark 
spots in the normal devices. From this, it was deduced that the Parylene layer resulted in a 
more uniform current density. The above observations lead to the conclusion that the addition 
of the Parylene interlayer is indeed an efficient technique to inhibit the growth of non- 
emissive dark spots and extend an OLED device lifetime. 



Figure 8. Optical microscopy pictures of dark non-emissive area in the devices after they were taken out 
from the cathode evaporation chamber and electrically stressed for 20 min. (a) the device without the 
parylene layer and (b) the device with the parylene layer. 

To further explore the possible role of Parylene in prolonging device lifetime, a study 
was conducted by inserting another Parylene layer in between the organic layer (EL) and 
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cathode layer. A new device structure with dual Parylene layer was thus developed. After 
subjecting the device to electrical stresses, the SIMS profile was acquired, as in Figure9. 
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Figure 9. SIMS profiles for device structure of: ITO/3 nm parylene/HTL/EL/3 nm parylene/Ca/Ag. 

As observed in the SIMS profile, the Ca and In profiles were clearly separated with no 
boundary movement even for the non-emissive area. However, the device with dual Parylene 
layers showed a higher turn-on voltage of 10 V. The formation of non-emissive dark areas 
and their growth rates were further reduced. The results further substantiate that inhibition in 
electrode migration is a key to improved device lifetime. 


Patenting the New Device Structure 

In lights of the findings on the new device structure that effectively inhibits the growth of 
dark spots and prolongs device lifetime, a patent was filed by the research team on the device 
architecture whereby an organic interlayer is deployed in between the Anode / HTL, and/or 
the HTL/EL, and/or the Anode/EL (as in Figure 10). The organic interlayer as claimed in the 
patent includes Polyimides, Teflon, Parylene or other kind of high barrier polymer or organic 
films. It is worth mentioning that the proprietary OLED architecture is capable of reducing 
the number of pinholes in the cathode by at least a 100 fold and exercising effective control 
over the growth of the non-emissive areas in the EL polymer and cathode surfaces. In sum, 
the new architecture provides a cost effective solution to the OLED industry for the 
development of robust OLED to compete against the qualities of the conventional display 
products. 
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Figure 10. Patented Architecture of OLED with organic interlayer enhancement. 


4. Correlation of Current Noise Behavior and Dark Spot 

Formation and Device Lifetime 

During the course of the studies on OLED degradation, it had been observed that the 
proliferation of dark spots exhibits a strong correlation with the low frequency electrical 
noise. This led to further research into the correlative behavior between dark spot formation 
and low frequency noise it was believed that the phenomenon has a far-reaching implication 
in device degradation analysis and lifetime prediction. There is a strong advantage if an 
analysis technique uses low frequency noise for degradation studies and computation of 
lifetime as low frequency noise can be performed instantaneously with a short time of biasing 
without damaging the test device. Conventional test technique, on the other hand, subjects the 
test device to accelerated test conditions and induces irreversible damage to the device. 

In this chapter, 1/f noise investigation shall be conducted on encapsulated OLED devices. 
The purpose of the experiment is to show that the dark spot is primarily correlated to current 
1/f noise slope. The studies include correlating the low frequency noise slopes of the test 
devices with the dark spot growth rate and device lifetime. Besides, the correlative 
relationship between current 1/f noise magnitude and the dark spot initial size shall be 
investigated. With the results, the research team intends to provide a basis for the low 
frequency noise measurement method for predicting device lifetime and degradation 
behavior. 


Experimental Procedures 

The OLED devices investigated in this article are typical two-layer small molecular 
devices with a structure of ITO / NPB (75 nm) / Alq 3 (75 nm) / LiF (5 A) / A1 (200 nm), 
where ITO is indium-tin-oxide, NPB is naphthyl-substituted benzidine derivative and Alq 3 is 
aluminum tris(8-hydroxyquinoline). The devices are fabricated by depositing the NPB, Alq 3 , 
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LiF and Al layers on ITO-coated glass via thermal evaporation. Finally the devices were 
encapsulated by a capping glass sealed with epoxy. 

The fabricated devices, numbered 1 to 6, are placed in the shielded testing box for the 
measurement of 1/f noise prior to electrical stressing. Noise measurements were performed by 
biasing the devices with a low noise DC current source (a stack of Ni-Cd batteries). The 
noise signal, fluctuations of current /, was coupled to a wideband (0.03 Hz-100 kHz) low- 
noise SR570 current preamplifier. The output of the amplifier was fed to a HP35670A digital 
signal analyzer in which the power spectral density (PSD) S(f) of current / was calculated in 
the range of 1 to 800 Hz. At the same time, the initial luminance for all the devices is 
measured to be approximately 1000 Cd/m . 

The devices were then subjected to electrical stresses by passing through a constant 
current of 1mA. The devices were examined for dark spot formation at every 24 hours 
interval. The images of dark spots were acquired by attaching a CCD camera on an optical 
microscope and the images obtained by the CCD camera were sent to image processing 
software for computation of the dark spot areas. 

The Results 

The current noise PSD as a function of frequency for Device 1 to 4 is exhibited in 
Figure 11 (a). The PSD slope value a for the respective devices were computed in 
accordance to Hooge’s theory whereby S v = a H (Vd C / N c f a ) , and indicated in the figure. It 
can be observed that the computed PSD slope values were larger than 1, implying the 
existence of poor interfaces, defects and traps in the test devices. Comparing among the 
four devices, Device 1 and 2 possess considerably higher a values than those of Device 3 
and 4. It was further noted that the Devices 1 and 3 possess higher noise magnitude than 
those of Device 2 and 4. 

The areas of dark spots induced in the test devices stressed over times are exhibited in 
Figure 11 (b). It could be seen that Device 2 and 4 have smaller initial dark spot sizes, and 
this phenomenon correlates the observation that the two devices have a low noise magnitude 
as in Figure 11 (a). Under further stressing, it was further observed that the dark spot areas in 
Device 1 and 2 increases dramatically at about 200 hours. The sudden increase in the dark 
spot areas indicate device failure and hence, the end of device lifetime. The relatively shorter 
lifetimes in Device 1 and 2 correlate the observation that the two devices possess 
considerably higher a values, as in Figure 11 (a). 

The correlative behavior between the 1/f noise slope and the lifetime can be explained by 
the tunneling model, a direct application of McWhorter’s potential fluctuation mechanism 
[26]. It accounted for the magnitude and slope of noise PSD in the low frequency range for 
high temperature superconductors. The model suggested that the energy barriers resulted from 
abundant defects should cause fluctuations in number of charge carriers, which would lead to 
an abnormally high slope level of 1/f noise. In organic light emitting devices, interface 
deterioration has been ascertained to play an important role in device degradation [30]. On the 
other hand, interface deterioration definitely cause energy barrier to increase, resulting in 
fluctuation of number of charge carriers. 
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Figure 11. (a) The PSD S(f) of OLED Devices 1 to 4. Solid lines are linear fits, scatter sample points are 
experimental data. The inset shows the same PSD curves against a linear frequency axis. The solid lines 
in the inset are Johnson’s thermal noise fitting, (b) Dark spot area as a function of device stress time for 
the devices 1 to 4. 

The above explanation, therefore, substantiates the correlations indicated in Figure 11 (a) 
and 11 (b). Device 1 and 2, having larger 1/f noise slope than Device 3 and 4, should 
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probably have poorer interfaces. This leads to a higher tendency for dark spots proliferations 
and shortening of lifetime in Device 1 and 2. 
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Figure 12. (a) The PSD S(f) of OLED devices 5 and 6. Solid lines are linear fits, scatter sample points 
are experimental data. The inset shows the same PSD curves against a linear frequency axis, (b) Dark 
spot growth area as a function of device stress time for devices 5 and 6. The inset shows the I-V curves 
for OLED device 5 and 6. 
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The other possible mechanism for carrier number fluctuations is the widely existing 
material defects and flaws, which are primarily reflected by the magnitude of noise PSD. The 
electroluminescence material defects could come from the synthesis and purification process, 
which decrease the carrier injections and cause the much increased low frequency noise level. 
This accounted for the observation that Devices 2 and 4 have roughly the same dark spot 
initial size, which is reflected by the close noise magnitude levels of the two. Noise spectral 
analysis is an effective way to comprehend the device interface (via noise slope) and bulk 
quality (via noise magnitude). 

In order to illustrate the advantages of noise spectral analysis over the conventional 
method of device I-V analysis in lifetime prediction, the noise spectral and I-V characteristics 
curves of Device 5 and 6 as fabricated earlier were acquired and the two devices were then 
subjected to current stress test. As in Figure 12 (b), the I-V characteristics of Device 5 and 6 
are almost identical. The PSD profile in Figure 12(a), however, shows that Device 5 has a 
higher noise slope and magnitude than Device 6. The results from the stress test concurred 
with the observation on the devices’ PSD profile, as Device 5 exhibits a larger initial dark 
spots areas and slightly faster growth of the dark spots after 250 hours. The test serves to 
illustrate that one can reliably predict a device degradation based on the noise spectral 
profiles. On the other hand, the I-V curve only provides a macroscopic description of the 
device performance and is relatively insensitive to the inherent defects and interface qualities. 

In summary, the experiment had illustrated that low-frequency 1 If noise is a very 
sensitive measurement of the quality and reliability of optoelectronic devices and exhibits a 
strong correlation between current noise and dark spot formation. Based on the results of the 
experiment, a correlation between 1/f noise slope and the dark spot growth rate and lifetime 
was thus established. A larger 1/f noise slope generally leads to a faster dark spot growth rate 
and shorter lifetime. Another correlation was established between the dark spot initial size 
and the noise magnitude. The higher the magnitude, the larger is the dark spot initial size. 
These two correlations are significant to device reliability analysts as they provide a basis for 
developing noise measurement into a powerful tool to predict device lifetime and degradation 
behavior. 


5. Conclusion 

The paper spans across three areas: 1) the new perspectives on dark spots formation 
mechanism, 2) the proprietary technique to inhibit the growth of dark spots, 3) the proposed 
methodology to predict the dark spot growth and device lifetime with low frequency analysis. 

In the research on dark spot formation, it had been identified that the degradation of the 
active polymer is the main cause of weakly emissive and non-emissive areas in OLEDs. The 
mechanism begins with the roughening of the polymer/electrode interface caused by metal 
migration. The roughening results in the formation of sharp metal protrusions at which 
intense current stresses are localized. The intense local current degrades the polymer, causing 
the growth of the non-emissive dark regions. 

As it was conjectured that stabilizing and smoothing the polymer/electrode interface is an 
effective way to minimize the formation of the non-emissive area, the research team had 
developed a technique to improve the interface by inserting polymer in between the ITO and 
hole-transport layer. The experiment had proven that the method leads to a more uniform 
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current flow, and is effective in inhibiting the dark spot formation. It had been further shown 
that by inserting one more polymer layer in between the EL polymer and the cathode layer, 
the device cathode interface can be further stabilized, thus, minimizing the probability of 
formation of the non-emissive area. 

Finally, the research team had identified a correlation between 1/f noise slope and the 
dark spot growth rate and lifetime. In the experiment, a larger 1/f noise slope generally leads 
to a faster dark spot growth rate and shorter lifetime. It had been further identified another 
correlation between the dark spot initial size and the noise magnitude. The higher the 
magnitude, the larger is the dark spot initial size. These two correlations are very important 
for the development of advanced technique for device lifetime predictions based on low 
frequency noise spectral measurements. 
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Abstract 

Photodiodes are semiconductor devices with a p-n or p-i-n structure for the detection of light. 
When used as an array (a number of diodes placed side by side), they serve as light sensors 
characterized by excellent linearity with respect to incident light, low noise, wide spectral 
response and mechanical ruggedness. This advanced type of detection is the most 
sophisticated UV-Vis detector widely applied in HPLC. In contrast to a conventional single 
wavelength detector, photodiode array (PDA) detectors are used for monitoring spectra of 
analytes passing through a sample flow cell over the entire wavelength range. Continous 
monitoring of the absorbance spectra of eluted components provides a great deal of 
information for an analysis. One of the most significant advantages of the PDA detector to the 
HPLC analyst is that it permits the recognition of unknown constituents in a complex matrix. 
Peak identification is achieved using spectral information and detection is not only based on 
retention time. Spectral data stored in a computer, can serve as a bank for identifying 
unknown peaks. PDA detectors can be used both for routine applications and applications 
such as method development and peak characterization. 

Additionally a PDA detector can provide information using the acquisition of spectra to 
determine peak purity. The latter is of paramount importance in pharmaceutical industry, 
where it is designated to detect the presence of co-eluting impurities. 

Applications of PDA detection can be found in all analytical fields, especially in cases 
where confirmatory analytical methods are required. In food quality control samples, residual 
analytes in food of animal origin can be detected so that non-compliant samples can be traced. 
In clinical analysis, it can be used in pharmacokinetics, metabolism and bioavailability 
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studies. Moreover, drugs can be monitored so that therapeutic levels can be estimated and 
effective drug doses can be personalized in patients. 

In this chapter, the use of PDA detectors as a powerful tool in HPLC will be discussed 
with emphasis in peak identification and confirmatory analysis. Examples of applications in 
several analytical fields will be provided. 


1. Introduction 

The function of the high performance liquid chromatography (HPLC) detector is to 
examine the solution that elutes from the column and to output an electronic signal 
proportional to the concentrations of individual components present there. The fact that most 
analytes absorb light in the UV region (at least to some extent) without needing chemical 
derivatization makes UV-visible spectrophotometers by far the most widely applied detectors 
in HPLC. However with regards to the identification of mixture components, simple 
detectors, which rely only on comparison of retention times, are not sufficient and thus 
erroneous conclusions may be drawn. 

The development of photodiode array (PDA) detectors, which are the most advanced 
UV/vis detectors, has helped significantly to this direction. In contrast to conventional single 
wavelength detectors, PDA detectors are used for recording the full UV-Vis absorption 
spectrum of analytes passing through the sample flow cell. Stored reference spectra are used 
for comparison with recorded data to confirm identity to a certain degree. Spectral 
information used for analytes confirmation after separation provides a useful tool comparable 
to other detection techniques, which are more sophisticated but of significantly higher cost. 
The popularity of a PDA detector is also complemented from the ease of its use. Numerous 
publications have been published in recent years as PDA detection has been coupled not only 
with HPLC, but with capillary electrophoresis, GC and SFC as well. 

The advent of a diode array spectrophotometer took place in 1979, when Hewlett Packard 
introduced the HP 8450A spectrophotometer. James G. was the first who had the pioneering 
idea to propose the ability of the diode array spectrophotometer to serve as an HPLC detector. 
The year 1982 appears to be the cut-off point in the development of commercial PDA 
detectors for HPLC. Since the introduction of the first PDA spectrophotometer by Hewlett 
Packard, many companies like Shimadzu, Beckman, Hitachi, Waters Associates, Varian, 
Perkin Elmer and others have followed manufacturing various PDA detectors [1]. 

Photodiode Array Technology offers to the chromatographer not only the possibility of 
compound identification by permitting the recognition of unknown constituents in a complex 
matrix, but also the ability to detect co-elution and peak purity/peak homogeneity. 

PDA detectors can be used both for routine applications e.g. in quality assurance as well 
as for research applications such as method development and peak characterization. 
Numerous applications of PDA detection can be found in ah analytical fields, especially in 
cases where confirmatory analytical methods are required. In food quality control samples, 
residual analytes in food of animal origin can be detected, so that non-compliant samples can 
be traced. In clinical analysis, PDA technology can help in the field of pharmacokinetics, 
metabolism and bioavailability studies. Moreover, drugs can be monitored so that therapeutic 
levels can be estimated and effective drug doses can be personalized in patients. 
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2. Principle of Operation 

Photodiodes make use of the unique properties of semiconductors, such as silicon. Silicon 
can be doped with impurities to make it either electron rich (an n-type semiconductor) or 
electron poor (a p-type semiconductor). When an n-type semiconductor is in contact with a p- 
type semiconductor, electronic changes occur at the boundary, or junction (Figure 1). A 
photodiode is a p-n junction constructed with the top p layer so thin that it is transparent to 
light. When used as an array that is a number of diodes placed side by side, they can serve as 
light sensors characterized by excellent linearity with respect to incident light, low noise, 
wide spectral response and mechanical ruggedness [2]. 
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Figure 1. A. Electron and holes migration across the p-n junction when no voltage is applied. B. 
Formation of barrier potential. 

The PDA detector can be equipped with a deuterium (D 2 ) lamp or xenon lamp that emits 
light over the UV spectrum range and a tungsten halogen (W) lamp for the visible range. 
Polychromatic light from two lamps is mixed by a half mirror, reflected on a concave mirror, 
and introduced into a flow cell. The light which has passed through the flow cell is gathered 
on a slit by another mirror and introduced to spectrophotometer. The light is then dispersed by 
a quartz prism or a diffraction grating and sprays across an array of photodiodes each of 
which detects only a narrow wavelength band. A shutter or a filter before the cell is 
automatically inserted into the light path each at measurement of the dark signal (dark 
current), and at the automatic wavelength check. The schematic showing the principle of 
operation of a PDA detector is presented in Figure 2. In the photodiode array, a number of 
photodiode elements are arranged in a row, with nearly one diode per nm in the range of the 
UV/Vis spectrum. Each diode receives light of a slightly different wavelength to that received 
by its neighbor. Light shining through the p layer creates additional free electrons in the n 
layer that can diffuse to the p layer, thus creating an electrical current that depends on the 
intensity of the light. This small current is easily amplified and measured [2, 3]. 
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Figure 2. Principle of operation of a PDA detector. 

The size of the band of radiation observed is related to the resolution of the instrument. 
The resolution of the detector (AI) will depend on the number of diodes (, n ) in the array, and 
also on the range of wavelengths covered [4]. 

The ultimate resolving power of the diode array detector will depend on the 
semiconductor manufacturer and on how narrow the individual photocells can be 
commercially fabricated. 

The array may contain many hundreds of diodes. At the end of the run, the output from 
any diode is regularly sampled by a computer and stored on a hard disk. A chromatogram is 
produced using the UV wavelength that was falling on that particular diode. 

Considering the range from 200 to 700 nm, it would take 500 photodiodes to achieve 
spectral resolution of about 1 nm. The speed of a diode array instrument depends on the speed 
at which a computer can access, sample, measure and discharge the voltage developed on 
each diode. The number of diodes sampled affects also the rate at which spectra can be 
obtained. Current photodiode instruments can obtain spectra with resolutions of 1-3 nm 
(256-1024 diodes/ 190-1100 nm range) at a rate of up to 2500 spectra s. 

For example in Shimadzu SPD-MXA one element is assigned every 1.2 nm of the spectra 
in the range of 190 nm to 800 nm. Each of these devices measures independently the intensity 
of light in the wavelength associated with it and sends the information to the memory unit. 

With the light source of a D 2 lamp the range 190-600 nm is covered, with only W, the 
range 371-800 nm and when both are simultaneously illuminated the reange 190-800 nm. 

The optical current in the wavelength associated with each element is accumulated for a 
fixed time (scan period) and read in the high speed at a fixed internal. The signal at each 
element is then converted into a digital signal by A/D converter, and then sent to the LC 
workstation via interface board through a Central Processing Unit (CPU). 
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When the array receives a “start” pulse signal, the scanning circuit turns on and off a 
metallic Oxide Silicon Field Effect Transistor gate one after another at intervals of 50 ps. 
Accordingly, 512 signals (spectral data) appear in succession at the output terminals in 25.6 
ms. 

When light enters the photodiode with the metallic Oxide Silicon Field Effect Transistor 
gate in the off state, an electrical charge (photoelectron), as can be expressed by the following 
equation, is accumulated at the p-n junction in the photodiode. 

Q = K*I*At (1) 


where Q = Quantity of electric charge 

I = quantity of incident light 

T = time needed for accumulating electric charge 

K = a constant 

So the quantity of the electrical charge (Q) becomes proportional to the incident light (I). 

The electrical charge flows out of the output terminal when the metallic Oxide Silicon 
Field Effect Transistor gate is on. 

Actually the quantity of electrical charge measured by the unit is not only due to the 
incident light, as a certain amount of charge is output even when there is no incident light at 
all. This is caused by the dark current in the photodiode having been accumulated during the 
time period t mentioned above. If we take into account the dark current in the photodiode 
accumulated during period t, the above equitation can be rewritten as: 

Q = K*I*At + D 0 (2) 

The unit measures the electrical charge accumulated when light impinges on the 
photodiode, and checks for variation in the quantity of light. The value D 0 varies according to 
individual photodiode arrays, and it is temperature dependent. In some instruments the 
problem of noise due to dark current is solved by maintaining the value D 0 at a constant level 
through the optimal temperature control of the polychromator. 

Since the signal transmitted by the PDA is easily affected by variations in ambient 
temperature the PDA is housed in a thermostatic chamber accurately regulated in temperature 

Most instruments will allow at least one diode to be monitored in real time, so that a 
chromatogram can be generated as the separation develops. The spectrum of the analyte can 
be obtained by recalling from memory the output of all the diodes at the retention time. This 
makes the PDA ideal as a versatile detector for HPLC applications. 

Spectral evaluation software allows the display of both chromatographic and spectral data 
in samples. These features are integrated into the chromatographic data system. Most 
software include automated spectral annotations of X max , peak matching, library searches, and 
peak purity evaluation [5]. 

A summary of features and functions of modem PDAs are: 

• Contour maps and 3-D spectral display, for overall evaluation of the entire sample 

• ^max annotations, for peak tracking during method development 
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• Spectral library searches, for peak identification 

• Peak purity evaluation, by comparing the upslope, apex and downslope spectra, 
assessment of UV spectral peak purity can give some limited assurance that there is 
not an impurity with different characteristics co-eluting with the main peak [6]. 

Figure 3A shows an example of a chromatogram obtained by PDA concerning the 
separation of antibiotics. The UV spectrum of a selected peak at 5.07 min is shown in Figure 
3B. LC solutions of Shimadzu was used. 



CloxaciKlin 


Figure 3. A. Example of a chromatogram of antibiotics. B. UV spectrum of the selected peak of 
Cloxacilllin at 5.07 min. 
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The PDA contour view allows data to be viewed in their entirety, while 3D image 
provides better visual effects in checking the data. Sophisticated spectral evaluation software 
allows the convenient display of both chromatographic and spectral data along three axes 
(absorbance versus wavelength, versus retention time). Figures 4A, 4B and 4C show the same 
chromatogram in a typical view, as 3D image and contour plot respectively. The contour view 
allows the display of the absorbance of the sample at each time point and wavelength like an 
aerial photograph. This allows the rapid determination of a wavelength at which the sample 
can be detected more easily. Specifying a wavelength allows the analyst to obtain the 
extracted chromatogram and specifying the time allows obtaining the extracted spectrum. 

A 

WMJ 




Figure 4. Continued on next page. 
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Figure 4. A. Chromatogram in a typical view, B. the same as 3D image and C. as contour plot. 


Library Files 



Figure 5. Peak identification by spectral matching. 
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The spectrum obtained by extracting 3D data collected by the PDA detector at specific 
time shows a pattern specific to each compound. This means that comparing the extracted 
spectrum with the spectra of known compounds allows the identification of the component 
separated by the chromatograph. 

By using a PDA detector the chromatographer can generate and maintain a spectrum 
library for searching for analytes as shown in Figure 5. The library can be created by 
registering the spectra of known compounds. Then peaks are identified after specifying 
similarity threshold. When library search is used the list of hits will be created based on the 
required similarity and the spectra identified as having the same pattern will be displayed in 
the order of similarity. When the pattern is completely identical the similarity is 1.000. If the 
similarity is below 1, there is a deviation in the spectrum pattern. Background compensation 
is sometimes required in some cases e.g. when gradient analysis is performed using THF in 
the mobile phase, and a baseline drift positive or negative is noticed. These features are 
discussed in the following paragraphs. 

Each HPLC run requires high-powered computation and display technology similar to 
that needed to process LC/MS data. A drawback of this detector is the array chatter, which 
limits sensitivity and generally gets worse as the system ages. Another problem is the cost of 
the detector and associated data-handling and storage computers, although this seems to be 
improving as technology advances [7]. 


3. Peak Purity Analysis with PDA Detector 

Peak purity analysis is a powerful tool for detecting and/or identifying the presence of co¬ 
eluting impurities in HPLC chromatograms. When using a single wavelength UV-visible 
detector, the chromatographer can suspect the presence of an impurity, only if a shoulder or a 
valley or excessive tailing on the chromatographic peak are present. However the absence of 
these features cannot reassure the absence of an impurity or in other words cannot assure peak 
purity, especially in cases when the chromatographic resolution is poor or the concentration 
of the impurity is high. Thus a single variable-wavelength detector provides insufficient 
information for peak purity determination. The PDA detector providing spectral information 
enables the detection of peak purity by additional acquisition of spectral data. The spectral 
uniqueness of each compound is used to indicate when there are two or more components 
present in the peak, to identify peaks and assess purity [8]. 

Before the chromatographer can proceed with the quantitative information contained in a 
chromatographic peak, the purity of the peak should be confirmed. Only when the analyst is 
sure that no co-eluting impurity is present that could have contributed to the peak response, 
can convert the peak’s area or height into quantitative information based on the equivalent 
response of a pure standard. Peak purity analysis can also reveal the presence of 
contamination and prevent the subsequent generation of false analytical data. 

Peak purity analysis is a useful addition to routine quality control procedures, especially 
in the analysis of pharmaceuticals and food products, for which contamination and quality of 
results are critical. During method development peak purity analysis is very useful to confirm 
all components which have been chromatographically separated and in quality control to warn 
the analyst that an unexpected co-eluting impurity has appeared [9,10]. 
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3.1. Peak Purity Analysis 

Since the PDA detector allows simultaneous collection of chromatograms at different 
wavelengths during a single run, following the run, a chromatogram at any desired 
wavelength in the UV/vis region can be displayed. By examining the UV spectrum for a peak 
from beginning to end, peak purity can be evaluated. If a single component is present in the 
peak, the UV spectra obtained across the peak should be superimposable. One should keep in 
mind that the opposite is not necessarily true. If the spectra are identical, the peak can still be 
impure because: 

i) The impurity is present at a much lower concentration than the main compound and 
therefore not detectable. 

ii) The impurity has the same or a very similar spectrum compared to the main 
compound. 

iii) The impurity exhibits the same peak profile, as does the main compound, that is, it 
completely co-elutes with the main peak. 

There are several ways to check for the homogeneity of a peak. One is to compare the 
UV spectrum of a standard with a sample peak that elutes at the same retention time. Spectra 
of the analytes peak are shown superimposed for visual observation. If they are identical it is 
presumed that they comprise the same compound. Peak purity is best evaluated by similarly 
comparing spectra obtained at the beginning, middle, and end of the band. Peak purity can be 
also evaluated in terms of ratiograms. These are plots of the ratio of absorbance collected at 
two different wavelengths, as illustrated in Figure 6. The wavelengths chosen will depend on 
the UV absorption characteristics of the substance concerned. If a peak is pure and 
homogeneous, the ratio of the absorption at two selected wavelengths would remain constant 
throughout the elution of the entire peak so that a clean rectangular peak is produced. The 
closer to a rectangle the shape of the ratio chromatogram the higher the purity of the peak is. 
Any significant distortion of the ratiogram’s ideally rectangular form is an indication of 
differential absorption, and the presence of an impurity. This is because if an impurity e.g. 
with higher absorbance is present, the ratiogram changes from negative to positive during the 
transition from pure compound to mainly impurity. 

The chromatographer yet should bear in mind that tests for peak purity are equivocal, 
because sample components are often chemically related and have the same or similar UV 
spectra (e.g., impurities, degradation products, homologs and oligomers, or metabolities). 
Only when the UV spectra of the two peaks between the compound of interest and potential 
interferants differ significantly the PDA detector can confirm the presence of an overlapping 
peak successfully; the relative concentration of one of the two peaks must fall within about 5 
to 95% of the other. The resolution of the two peaks must be greater than 0.3. The presence of 
an impurity is confirmed unambiguously by the difference in the spectra obtained for the 
leading and trailing edges of the peak. It must be emphasized that use of a DAD alone is by 
no means definite in establishing peak purity. Peak collection, followed by other qualitative 
analysis techniques, such as infrared (IR), nuclear magnetic resonance (NMR), mass 
spectroscopy, and so on, are often used to increase assurance of peak purity. 
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Pure 

Peak 




Figure 6. Ratiograms taken from (a) an impure and (b) a pure peak. 

The use of a PDA detector is also important for peak tracking or the matching of peaks 
that contain the same compound between different experimental runs during method 
development. However, for accurate trace analyses, the S/N ratio must be reasonably high for 
such cross-checks to be meaningful. 


3.2. Similarity Index and Peak Purity Index 

The peak purity of the integrated chromatogram can be displayed in a graph and 
numerically. The more sophisticated way to evaluate the purity of the peaks detected is based 
on Peak purity curve. Three spectra (in the up slope, the peak top and the down slope) are 
simultaneously displayed. 

The peak purity curve is created based on the similarity between the spectrum at the top 
of the target peak and the spectra at each point on that peak. If there is any part where this 
curve deflects toward the negative side, some impurities are considered to be included at that 
part [8,9]. 

3.3. Peak Purity Using Spectral Data 

Comparison of spectra is the most popular method of peak purity determination. The 
primary advantage of this approach is that prior knowledge of component spectra is not 
required. Information derived using these techniques, however, is not sufficient for 
determining the kind, number, and level of impurities present. A number of selection criteria 
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and data manipulation techniques can be applied prior to analysis to improve the quality of 
the analytical result. These include setting different spectrum acquisition modes, background 
correction, normalization and threshold settings. 

Peak purity analysis software versions provided by various manufacturers allow users to 
sample spectra at equidistant points across an HPLC peak. Generally the poorer the resolution 
between potentially co-eluting peaks, the greater numbers of data should be used to detect the 
impurity. The most common procedure is to sample spectra up-slope, at the apex and down- 
slope of the eluted peak. This selection pattern may overlook the presence of impurities near 
the peak extremes. On the other hand, acquisition of many spectra may increase calculation 
and display time without adding significant information. 

Background correction is often required before labeling a peak as impure as spectral 
subtraction increases the noise of a spectrum and there by lowers the ideal match factor. 
Background correction is not necessary when the instrument is balanced properly. In this 
case, for isocratic separations the solvent background will be eliminated by the built-in 
automatic subtraction of the solvent spectrum, as present at the beginning of the analysis, 
from all recorded spectra. For gradient separations, background corrections will have to be 
applied after the analysis. Different methods for correction are possible and depend on the 
availability of spectra resulting from specific modes of spectral storage for different 
instruments. 


(a) very similar spectra (b) di fft rent spectra (c) spectra with i mpurity (d) spectra with noise 
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Figure 7. Graphical display of similarity factors for different pairs of normalized spectra of peaks with 
different concentration of impurities. 
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In the simplest case, a single baseline spectrum is subtracted from all analytes spectra. 
This will work only for the elimination of constant spectral impurities. If several baseline 
spectra are available, linear combinations of those spectra can be used to generate a synthetic 
background spectrum at any point in the chromatogram. Ideally, the two spectra should be 
close to the beginning and end of the peak analyzed. If this is not possible due to incomplete 
separation of the peak from its neighbours, baseline spectra could be taken from the 
beginning and end of a peak group. 

Spectra used for comparison in peak purity determination should be normalized to 
compensate for differences in concentration. Normalization can be based on setting equal 
absorbance maxima or maximum wavelength ranges, on setting equal area of spectra or 
spectral region of interest or on using a matching algorithm that minimizes area differences 
by shifting and scaling spectra. 

Impurity concentrations in the 0.1-1 % range may be detected when the spectra are 
dissimilar. However if the spectra of the different components are highly similar and the HPLC 
peaks are not well resolved the impurity detection limit is of the order of 5% (Figure 7). 

In the case when the impurity is not present at significant concentration levels statistical 
software is available for automated spectral comparisons. In these cases peak purity 
determination and analysis of spectral differences is achieved using vector analysis 
algorithms. The more similar the spectra are, the closer the value is to 0.0 degrees, the more 
spectrally different, the larger the value. All the spectra, data points, across the peak are 
analyzed; the data is converted into vectors, compared and graphically plotted so that the 
results can be visualized. That software provides both numerical results and graphical 
representations like similarity and threshold curves. 

Similarity curves are plots of retention times versus similarity factors computed by 
comparing spectra across an eluted peak with one or more selected spectra. Similarity curves 
improve the sensitivity of detecting impurities because they extract and highlight subtle 
impurity-generated anomalies in an analyte spectrum that might otherwise go unnoticed. 

The mathematical fundamentals used in the similarity curve calculations are those used 
for the purity factor, however they are displayed in another format. All spectra from a peak 
are compared with one or more spectra selected by the operator, an apex spectrum for 
example. The degree of match or spectral similarity is plotted over time during elution. An 
ideal profile of a pure peak is a flat line at 1000 as demonstrated in Figure 8 A. 

At the beginning and end of each peak, where the signal-to-noise ratio decreases, the 
contribution of spectral background noise to the peak’s spectra becomes important. The 
contribution of noise to the similarity curve is shown in Figure 8B. 

The threshold curve is a plot of retention time versus a similarity factor threshold below 
which the presence of an impurity cannot be distinguished from spectral noise. The threshold 
trace may be computed automatically from the standard deviation of a number of user 
selected pure noise spectra. The threshold may also be set at a fixed value. Similarity and 
threshold curves tend to rise at the edges of the eluted peak even when no impurity is present. 
As signal strength decreases, a larger proportion of the spectral response is caused by noise. 
The determination of noise threshold is performed automatically based on the standard 
deviation of pure noise spectra at a specified time with a user selectable number of spectra. 
The threshold curve gives the range for which spectral impurity lies within the noise limit. 
Above this threshold, spectral impurity exceeds the spectral background noise and the 
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similarity curve intersects the threshold curve indicating an impurity providing the reference 
and noise parameters have been sensibly chosen (Figure 8C). 



a. peak without impurity or noise 

- 980 

- 1000 

- Similarity cun/e 

——.—.—-—- Threshold curve 



b. peak without impurity but with noise 

- 980 



V. 


1000 


c. peak with impurity and noise 



Figure 8. Effect of impurity and noise on similarity and threshold curves of A. A pure peak, B. A peak 
without impurity but with noise, C. A peak with impurity and noise. 

Three modes to display the similarity and threshold curves are: (1) without any 
transformation; (2) as the natural logarithm, In, with the advantage of more detail for the peak 
apex in the lower part of the graphic; and (3) as a ratio 1000 - similarity ratio = 1000 - 
threshold. For a spectral pure peak the ratio values are below unity and for spectral impure 
peaks the values are above unity. The advantage of this mode is that only one line is 
displayed, instead of two which facilitates interpretation. 

The spectra overlay, the residual spectra and even the ratiogram do not provide sensitive 
enough information to uncover the impurity. The similarity curve and threshold curve 
functions improve the sensitivity and reliability of the peak purity evaluation by using all the 
spectra acquired during the elution or migration of a peak [11]. 


4. Peak Identification 

Peak identification refers to the data processing used to identify a specific acquired peak 
among the separated peaks in the analysed sample. Peak identification is a feature especially 
beneficial in method development as well as in the quality assurance laboratory. It provides 
the analyst a tool for the identification of unknown constituents in a sample of a complex 
matrix. This mode of identification is also useful when retention times shift due to changing 
chromatography for similar sample runs. 
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By using a PDA detector peak identification is achieved using spectral information so 
that detection is not only based on retention time. UV spectrum is very reproducible and its 
full shape is much more compound-specific than generally assumed. Analytes’ spectra can be 
acquired automatically for each peak during the analysis. Spectral comparison may be 
performed one by one or by using a library. In the latter case the standard sample is analyzed 
and the spectrum of the target compound is registered in a library. Stored spectral data can 
serve as a bank for identifying unknown peaks. Comparison can be performed either 
interactively on the computer display or mathematically with the help of microprocessors. 

The best match of spectra is the closest to the correct identification. It is obvious that 
complete automation is required, however software have been designed to take advantage of 
the benefits offered by this advanced detection technique. 

When performing peak identification substance’s name, retention time and concentration 
are reported in a table. Then the acquired chromatogram peak values and compound table’s 
set values are compared. If the retention time of the analyte peak falls within the identification 
allowance width, the substance is identified as the target substance. All spectra from the set of 
possible candidates that fall in the window are compared to the unknown spectrum. The 
candidate with the best match factor above a certain threshold level is then used to identify 
the compound for the peak. Another possibility is to weigh both the match factor and the 
similarity in retention times and use the combined information for identification [3]. 

If the instrument parameters that determine how spectra are acquired are matched 
suitably, the spectral match of an unknown to a known spectrum can be used as strong 
indication of compound similarity or confirmation of identity. Combinatorial estimation of 
retention time and spectra comparison results will give more specific conclusions [12]. 


4.1. Spectral Libraries 

The UV spectra employed in HPLC can change for the same compound depending on the 
mobile phase environment at the time of elution. To have any success in applying similar 
approaches to compound identification, the separation system used to acquire spectra for 
standards and unknown compounds needs to be well defined. 

Two primary approaches to the use of spectral libraries in HPLC can be described: 

1. In the forward library search, an attempt is made to identify each compound in an 
unknown sample from a large library of standard compounds, recorded under defined 
chromatographic conditions. Each compound spectrum from the sample, analyzed 
under the same conditions, is searched against the library for identification. In case 
this is not possible it may be classified by comparison with similar compounds from 
the library. Since the unknown sample may contain compounds that are not present 
in the library it is desirable to obtain, at least, a list of likely matches for each 
unknown. In some cases pre-selection of spectra is employed based on the retention 
time indexing or on rough comparison of spectral features such as number and 
position of the primary absorbance maxima. This is done primarily to reduce the time 
needed to search the full compound library. This feature is particularly helpful in 
toxicological screening and drug testing applications. 
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2. For reverse library searching, a limited library of standard compounds, all of 
which are expected to be present in the sample, is searched against the unknown 
spectra in the current analysis. Each peak of interest in a sample should be 
characterized through analysis of a standard. The spectral library, consequently, 
contains spectra for a limited number of compounds. In this case, the best match for 
each standard spectrum in the library can be found by searching against all 
compound spectra identified in the current analysis [12]. 

4.2. Spectral Matching 

Spectral matching can be defined as the process of comparing two spectra with the 
intention of determining their similarity. Mathematically spectral matching is a procedure 
whereby the digital information available for a pair of spectra, each typically consisting of 
numerous discrete data points, is reduced to a single number indicative of the similarity 
between the two spectra. Ideally, this reduction in the number of data points does not involve 
any reduction in the information contained in the relationship of two spectra to each other. 
More specifically, most matching procedures are based on a point-by-point comparison of the 
two spectra in question to establish the presence or absence of significant differences. 

Generally there are three ways of performing spectra comparison: 1) Overlay of spectra 
and visual determination, 2) Evaluation with spectral differences between the reference 
spectrum and the unknown spectrum using the appropriate software, 3) Use of sophisticated 
software to calculate a numerical value that mathematically defines the closeness of the 
match. 

The most common mathematical approaches used through spectra matching software are 
described. 

4.2.1. Vectorial Approach to Spectra Matching 

One approach that facilitates the comparison of various matching procedures is to view 
each spectrum as a vector in N-dimensional space. A spectrum data is considered as the group 
of the absorbance at each wavelength and it is represented with the vector. 

(a (A,i), a (X 2 ), a (X 3 ),., a (X n ) )where a (Xi) is the absorbance at the wavelength 

One spectrum corresponds to one vector: S = (a (A,i), a (X 2 ), a (X 3 ),., a (A^)) 

If there are two spectra, spectrum Si corresponds to S i and spectrum S 2 corresponds to 


S 2 

S i = (a { (Xi), ai (X 2 ), ai (1 3 ),., a! (X^) 

S 2 = (a 2 (a.i), a 2 (X 2 ), a 2 (V),., a 2 (X)) 


These vectors are simplified to two-dimensional vector as shown in Figure 9. The 
matching procedure can then be based either on determining the angle between the two 
vectors or on finding the distance between their tops. The first approach would seem to be 

independent of the relative magnitude of S i and S 2 ; the later definition definitely implies 

normalization of S i and S 2 prior to the calculation of the distance. 
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Figure 9. Vectorial definitions of spectral matching. 

If these spectra are derived from the same compound, the ratio between corresponding 
elements in Si and S 2 is constant and these vectors have the same direction. In that case, the 
angle 0 between the spectral vectors (Figure 9) becomes zero. Generally the more the angle 
approaches zero the greater the similarity between the two spectra is considered. The degree 
to which the two spectra correspond (similarity index) on the basis of the cosine of the angle 
of their component vectors formed at each point of measurement is described by the equation: 


or 


I 



Si-S2 


S 2 


= COS0 


Matching r= 





As similarity index (SI) or r approaches 0, the pattern matching becomes poor (the angle 
0 between the vectors approaches 90°) and conversely, as it approaches 1, the pattern 
approaches a perfect match. 

For easier manipulation, especially in the case of very similar spectra where differences 
may exist only in the third or fourth decimal, the spectral match factor can further be 
multiplied by 1000. 


4.2.2. The Similarity Factor 


ChemStation’s from Agilent Technologies special peak purity software calculates a 
numerical value to characterize the degree of dissimilarity of the peak spectra, a so-called 
similarity factor, based on the match of the peak spectra to one another [11]. 

Several statistical techniques are available for comparison of spectra. Since UV-Visible 
spectra contain only a small amount of fine structure, the least-square-fit coefficient of all the 
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absorbances at the same wavelength gives the best result. The similarity factor used in the 
ChemStation is defined as: Similarity = 1000 x r 2 , where r is defined as: 

S(4-4„)x 

„ _ / = 1 


and where A t and Bj are measured absorbances in the first and second spectrum respectively at 
the same wavelength; n is the number of data points and A av and B av the average absorbance 
of the first and second spectrum respectively. At the extremes, a similarity factor of 0 
indicates no match and 1000 indicates identical spectra. Generally, values very close to the 
ideal similarity factor (greater than 995) indicate that the spectra are very similar, values 
lower than 990 but higher than 900 indicate some similarity and underlying data should be 
observed more carefully. 

4.2.3. Measures of Dissimilarity 

Reliant on the ultimate relationship of trigonometry: cos +sin = 1 (6) we can define a 
factor of dissimilarity of spectra. Thus, the sine squared multiplied by 1000, could serve as an 
indicator of spectra dissimilarity. 

Another possible measure of spectral dissimilarity, the Euclidean distance e between the 
tips of the two vectors as shown in Figure 9 can also be related to sine and cosine: 


e = S r S 2 = Vsin 2 (Si - S 2 ) + [1 - cos(Si,S 2 )] 2 (7) 

e = sin 2 (Si - S 2 ) +1 - 2cos(Si - S 2 ) + cos 2 (Si - S 2 ) (8) 

e = 72 - 2 cos(Si,S 2 ) (9) 

e= Jl- cos(Si,S 2 ) (10) 


All the mathematical approaches, mentioned above, differ in the degree of change 

observed for spectra differences, most noticeably for angles below 15°. Between 0 and 10° 

2 2 * 

sin , cos and cosine do not change very much, making it more difficult to differentiate 
among spectra with strong similarity. The rate of change varies, complicating the task of 
assessing the variability of the match score for different degrees of dissimilarity. 
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4.3. Example of Application 

The identification of an unknown peak in a chromatographic analysis, performed by the 
Shimadzu SPD-M10A UV/Vis Photodiode Array Detector complied with data acquisition 
software LC Solutions is presented in Figure 10. Spectrum file of the selected peak is 
compared against reference spectra in a user built library. Data processing through the 
mathematical approach mentioned above defines the best match. The numerical value of 
similarity index (SI) indicates the spectrum of oxacillin as the better match since in this case 



A. Similarity index 0.996164 



B. Similarity Index 0.976412 

Figure 10. Identification of penicillin antibiotics by Shimadzu LC Solutions using the SPD-M10A 
photodiode array detector. The similarity index indicates the closest match. 
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is close to unity. The comparison is also made by visual evaluation through the overlaid 
spectra. The created spectral sublibrary is consisted of a number of penicillins spectra, which 
are those of interest in this application. Thus, the chromatographic peak assuming that 
belongs to oxacillin can be identified among other related compounds by its UV spectrum, 
allowing even more accurate qualitative analyses. 


5. Fields of Applications 

Numerous of applications of PDA detection in HPLC can be found in literature. 
Examples of a broad range of applications include: 

• In clinical analysis: the determination of water and fat soluble vitamins in biological 
fluids, caffeine metabolism products: methylxanthines and methyluric acids in 
human biological fluids, iodotyrosines and iodothyronines in biological samples, 
methadone and its main metabolite EDDP in biological fluids, 1,4 benzodiazepines 
and tricyclic antidepressants in human biological fluids etc. 

• In pharmaceutical analysis: the determination of antibiotics, vitamins, 
antidepressants, etc in pharmaceutical formulations for human and veterinary 
medicine. 

• In food analysis: the identification of free phenolic acids in wines and wine vinegar, 
the detection of fluoroquinolones, penicillins, sulphonamides and tetracyclines 
residues in tissues of various food producing animals, and products like milk and 
eggs. 

• In forensic science: the identification of ballpoint pen ink Components and 
application to the study of Their Decomposition on Aging. 

• In environmental analysis: the monitoring of anthracene and its oxidation products 
in surface waters. 

These applications among other cited in literature are briefly discussed in the following 
paragraphs. 

It is not the intended scope of this review to describe all applications in detail, but to give 
the reader as many indications to apply the PDA technology in the HPLC analysis and take 
advantage of all its features. 

5.1. Method Development 

High performance liquid chromatography (HPLC) is a technique widely applied in 
routine analysis in many areas, such as pharmaceutical, biological, environmental and food 
analysis. In the majority of the cases, it can efficiently provide the separation of all 
compounds of interest. However, when a complex sample is analyzed, the overlap of the 
analytes with sample interferences is frequently observed, and great effort may be necessary 
to optimize the chromatographic conditions of the separation. 

Diode array detection (DAD) has given growth to a number of new methods of data 
analysis applying chemometrics’ potential for extracting hidden information. Moreover in 
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HPLC method development one of the largest challenges is the necessity for tracking the 
movement of peaks as separation conditions are deliberately or randomly changed. 
Achievement of the optimal separation becomes an important factor for successful 
identification or quantitation. In such a case, the optimization may be based on assigning 
peaks of the same component chosen from different experiments to each other. This means 
that mutual peak matching between the HPLC runs is required. Bogomolov and McBrien 
have used diode array detection to develop a new method for mutual peak matching in a 
series of HPLC analyses of the same unknown mixture acquired at varying separation 
conditions [13]. 

Lindholm et al in their study applied the detailed guidelines by FDA for bioanalytical 
method validation to a typical biotechnological process: the enzymatic synthesis of 9a- 
hydroxyprogesterone in E. coli using progesterone as substrate. The process liquid was 
extracted and analyzed using an HPLC-DAD system. The DAD made it possible to acquire 
spectra of all peaks in the chromatogram. The UV spectra and 3D spectro-chromatograms 
were recorded from 190 to 400 nm [14]. 

The analysis of data from analytical equipment is an important factor in the execution of 
metabolomics. Self-modeling curve resolution (SMCR) is one of the theoretical techniques of 
chemometrics and has recently been applied to the data of hyphenated chromatography 
techniques. 

Alternating least squares (ALS) is a classical SMCR method. Independent component 
analysis (ICA) is a comparatively new method and has been discussed very actively by 
information science researchers, but has still been applied only in very few cases to curve 
resolution problems in chemometrics studies. Yamamoto et al applied regularized version of 
ALS (RALS) with a normalized constraint and ICA to the HPLC-DAD data of 
Haematococcus pluvialis metabolites and obtained a high accuracy of peak detection, 
suggesting that these curve resolution methods are useful for identification of metabolites in 
metabolomics. ICA was used to resolve the HPLC-DAD data in cases where several 
important metabolites are coeluted because samples derived from living organisms contain 
many complex metabolites. These curve resolution methods are useful for peak detection of 
metabolites in HPLC-DAD data [15]. 

Ferreiros, et al applied DAD to study extraction efficiency of several process variables of 
four angiotensin II receptor antagonist drugs: eprosartan, telmisartan, irbesartan and valsartan 
from urine and thus they constructed a D-optimal design [16]. 

HPLC with DAD constitutes a valuable tool for the simultaneous determination of 
pesticide residues in complex samples. However, it has been shown that the presence of 
interference in the sample may constitute a serious problem. When HPLC-DAD is applied, 
the choice of a selective wavelength is sometimes difficult or impossible, since the UV 
spectra generally are constituted of wide bands. In these cases, second-order calibration 
models can be an alternative due to the possibility of mathematical separation of the 
instrumental signals, making determinations in the presence of unknown interferences 
possible; a property known as the second-order advantage. 

Braga, et al used the models parallel factor analysis (PARAFAC) and the recently 
introduced bilinear least squares (BLLS) to develop second-order calibration methods to high 
performance liquid chromatography with diode array detection (HPLC-DAD) data, where 
overlap of interferences with the compounds of interest was observed, making the 
determination and resolution of the analytes possible. The simultaneous determination of five 




248 Victoria F. Samanidou, Ioannis N. Papadoyannis and Eftichia G. Karageorgou 


pesticides and two metabolites in red wine samples by HPLC-DAD was performed, using the 
second-order advantage [17]. 

Cameiro et al proposed a variable selection methodology based on genetic algorithm 
(GA) was applied in a bilinear least squares model (BLLS) with second-order advantage, in 
three distinct situations, for determination by HPLC-DAD of the pesticides carbaryl (CBL), 
methyl thiophanate (TIO), simazin (SIM) and dimethoate (DMT) and the metabolite 
phthalimide (PTA) in wine [18]. 


5.2. Clinical Analysis 

The use of photodiode array detection in HPLC has implemented the determination of 
drugs and their metabolites during therapy as well as during drug development. Analytical 
methods necessary for monitoring drugs and their metabolites in biological fluids are 
complimented by the advantages of DAD. It can be applied both for quantification and 
confirmatory identification purposes. UV spectra from 190 to 600 nm are recorded and used 
for peak purity assessment and as well as for the identification of drugs and their metabolites 
through the comparison with libraries created for that purpose. The toxicity of the drugs 
besides the effective therapeutic level can also be studied. 

Chatzimichalakis et al applied DAD to the identification of eight fat-soluble vitamins: 
retinol, menadione, menaquinone, a-tocopherol, cholecalciferol, d-tocopherol, a-tocopherol 
acetate and phylloquinone, in biological fluids blood serum and urine [19]. 

The identification, separation and quantitation of iodoaminoacids, is essential for the 
biological research and the clinical diagnosis of thyroid gland disease. Gika et al applied 
DAD for the determination thyroid gland hormones and some of their primary metabolites, 
3,3’,5,5’-tetra-iodo-l-thyronine (1-thyroxine), 3,3’,5-tri-iodo-l-thyronine, 3,5-di-iodo-l- 
thyronine, 1-thyronine, 3,5-di-iodo-l-tyrosine, 3-iodo-l-tyrosine and 1-tyrosine in commercial 
pharmaceuticals and biological samples (serum, urine and tissue) [20]. 

Penicillins have been the most widely used antimicrobial drugs for more than 80 years 
and still are considered as one of the most important groups of antibiotics. They are broad- 
spectrum antibiotics, clinically used against Gram positive and Gram negative bacteria. 
Samanidou et al applied DAD to the determination of four penicillin antibiotics: amoxicillin, 
oxacillin, cloxacillin and dicloxacillin, in pharmaceuticals and human biological fluids blood 
plasma and urine. The objective of such a method development was its applicability to routine 
analysis in pharmacokinetic studies as well as in the quality control of pharmaceutical 
samples [21]. 

Benzodiazepines belong to a group of substances known for their sedative, anti- 
depressive, muscle relaxant, tranquilizer, hypnotic, and anticonvulsant properties. They have 
become the most worldwide commonly prescribed medicines in the therapy of anxiety, sleep 
disorders, and convulsive attacks as being relatively safe with mild side effects. Since 
benzodiazepines are widely seen in clinical and forensic cases, for the bio-pharmacological, 
clinical, and toxicological studies of these drugs, the availability of rapid, sensitive, and 
selective analytical methods for their determination in biological fluids and pharmaceutical 
formulations is essential. Nasir Uddin et al developed an HPLC-DAD method for the 
determination of six 1,4-benzodiazepines (alprazolam, bromazepam, clonazepam, diazepam, 
flunitrazepam, lorazepam) in pharmaceuticals and human biological fluids [22]. 
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The same authors applied DAD to the simultaneous determination of six 
benzodiazepines: bromazepam, clonazepam, diazepam, flunitrazepam, alprazolam, and 

lorazepam and four tricyclic antidepressants: amitriptyline, clomipramine, imipramine, and 
doxepin in biological fluids (human blood plasma and urine) [23]. 

5.2.1. Metabolism Studies 

Georga et al used DAD to identify caffeine and its eight primary metabolites: xanthine, 7- 
methylxanthine, 3-methylxanthine, 1-methylxanthine, isocaffeine, theobromine, paraxanthine 
and theophylline in human biological fluids: blood serum and urine [24]. 

Schmidt et al applied HPLC-DAD to describe the discovery of a new major endogenous 
vitamin A metabolite with particularly high hepatic concentrations. This metabolite was 
isolated from mouse livers and was characterized as 9-cis-4-oxo-13,14-dihydro-retinoic acid 
(RA) based on mass spectral, ultraviolet, and nuclear magnetic resonance analyses. It was 
also detected in one human liver. UV spectra were checked in the mobile phase within the 
HPLC detector cell via the stopped flow method, after injection of standard solutions (of all- 
trans-4-OH-RA, 13- cis-4-OH-RA, 9-cis-4-OH-RA, all-trans-18-OH-RA, all-trans- 3-OH- 
RA, 13-cis-3-OH-RA, all-trans-4-oxo-ROH) or after rechromatography of the isolated 
metabolite. A few UV spectra (all-trans-4-oxo-RA, 13-cis-4-oxo-RA, all-trans-5,6-epoxy- 
RA) were recorded under the same chromatographic conditions with the DAD detector of the 
HPLC system used for the analysis of the serum samples. Only retinoids with a keto-group at 
C4 of the cyclohexenyl ring showed a characteristic secondary minor maximum at lower 
wavelengths. This minor maximum was also found in the UV spectrum of the newly detected 
metabolite [25]. 

Selective serotonin reuptake inhibitors (SSRIs), serotonin noradrenergic reuptake 
inhibitors (SNRIs) and noradrenergic and specific serotoninergic antidepressant are widely 
used in the treatment of depression. An increase in antidepressant intoxications has lead to the 
development of reliable analytical methods for their analysis. Labat et al applied DAD to the 
determination of milnacipran, venlafaxine, desmethylvenlafaxine, mirtazapine, 
desmethylmirtazapine, citalopram, desmethylcitalopram, fluvoxamine, paroxetine, sertraline 
and fluoxetine, by HPLC and MEKC. The methods were useful for the determination of new 
antidepressants in post-mortem cases. DAD was used to identify the different antidepressants 
in the toxicological screening [26]. 

Bugamelli et al proposed a rapid and simple liquid chromatographic method with 
photodiode array detection for the simultaneous determination of six antiepileptic drugs 
(oxcarbazepine, carbamazepine, lamotrigine, phenobarbital, primidone and phenytoin) and 
two metabolites (10,11 -dihydro-10,11 -epoxycarbamazepine and 10,11 -dihydro-10- 
hydroxycarbamazepine, the main active metabolites of carbamazepine and oxcarbazepine, 
respectively) in human plasma. The HPLC-DAD method was suitable for the plasma level 
determination of simultaneously administered antiepileptic drugs [27]. 

Caubet et al applied HPLC- DAD to the selective and rapid analysis of caffeine and 14 of 
its metabolites in urine taken from 20 healthy subjects, men and women, smokers and non- 
smokers and women taking or not taking oral contraceptives [28]. 

Tarbah et al applied DAD to investigate kavain metabolism in humans. In the present 
study an HPLC-DAD assay method for the simultaneous determination of kavain and its 
main metabolites (p-hydroxykavain, />-hydroxy-5,6-dehydrokavain and />-hydroxy-7,8- 
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dihydrokavain) in serum and urine was developed and validated. The metabolites were 
mainly excreted in the form of their conjugates. The UV spectra for kavain and the known 
metabolites were compared with available reference substances [29]. 

Anthocyanins are suggested to be responsible for protective effects against cardiovascular 
diseases and certain forms of cancer. Keppler and Humpf investigated the microbial 
deglycosylation and degradation of six anthocyanins exhibiting three different aglycones with 
mono- or di-b-D-glycosidic bonds using HPLC-DAD and GC-MS [30]. 

Wille et al detrmined 13 ‘new’ antidepressants (venlafaxine, fluoxetine, viloxazine, 
fluvoxamine, mianserin, mirtazapine, melitracen, reboxetine, citalopram, maprotiline, 
sertraline, paroxetine and trazodone) together with eight of their metabolites ( o - 
desmethylvenlafaxine, norfluoxetine, desmethylmianserine, desmethylmirtazapine, 
desmethylcitalopram, didesmethylcitalopram, desmethylsertraline and m- 

chlorophenylpiperazine) in plasma using HPLC-DAD as monitoring system [31]. 

Frassanito et al proposed a selective and sensitive methodology, mainly based on 
reversed-phase HPLC coupled both to photodiode array detection and to atmospheric pressure 
mass spectrometric techniques (HPLC-DAD-APIMS) to the analysis and identification of a 
wide range of secondary metabolites biosynthesized by different algal taxa and cyanobacteria 
[32]. 

Fernandez et al used HPLC-DAD for the simultaneous determination of morphine, 
codeine, 6-acetylmorphine (6AM), cocaine, benzoylecgonine (BEG), cocaethylene, 
methadone and its metabolite, 2-ethylidene-l,5-dimethyldiphenylpyrrolidine (EDDP), in 
plasma. The analytes were identified from their retention times and UV spectral data [33]. 

de Castro et al used HPLC-DAD as a screening method in routine analysis of 14 
antidepressants and their metabolites in plasma in authentic samples from clinical cases which 
were further analysed by LC-/MS/MS. The results of both methods were compared 
qualitatively [34]. 

Flubendazole, methyl ester of [5-(4-fhiorobenzoyl)-l//-benzimidazol-2-yl] carbamic 
acid, belongs to the group of benzimidazole anthelmintics, which are widely used in 
veterinary and human medicine. In order to understand some important aspects of phase I 
flubendazole metabolism, the in vitro biotransformation studies of this compound with 
microsomal and cytosolic fractions of cells from various sources, various species and 
performed under various incubation conditions were designed. The bioanalytical support of 
these xenobiochemical experiments consisted in the identification and determination of 
flubendazole and its principal phase I metabolites (decarbamoylated flubendazole, reduced 
flubendazole) in the incubation mixtures. Milan Nobilis et al developed two bioanalytical 
HPLC methods for the determination of flubendazole and its metabolites in biomatrices: pig 
and pheasant hepatic microsomal and cytosolic fractions. Flubendazole is a prochiral drug. A 
racemic mixture is formed during non-stereoselective reductions at the carbonyl group. The 
individual analytes had very characteristic UV spectra, thus the identification of flubendazole, 
its metabolites and albendazole (I.S.) could be based not only on the retention times, but also 
on the UV spectra obtained from spectrochromatograms [35]. 

Mertens et al combined HPLC with diode array and tandem mass spectrometry detection 
(LC-DAD-MS/MS) for the simultaneous quantitative determination of fenofibric acid, 
pravastatin and its main metabolites in human plasma: 3-hydroxy isomeric metabolite (3-OH 
metab), pravalactone. 
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The developed LC-DAD-MS/MS procedure was used to investigate the bioavailability 
of fenofibrate and pravastatin after multiple oral dose of one formulation of fenofibrate, one 
formulation of pravastatin and one new capsule containing both fenofibrate and pravastatin, 
in 36 healthy subjects [36]. 

Xie et al applied DAD to determine Paeonol, a principal bioactive component of the 
Chinese herb Moutan Cortex with anti-inflammatory and analgesic effects, in order to 
determine its pharmacokinetic behavior and metabolic profile in rat following oral 
administration of the pure paeonol alone and an herbal preparation “Qingfu Guanjieshu” 
(QFGJS) containing paeonol. An HPLC-DAD method was developed and validated for 
determining the concentration of paeonol in rat plasma. The method was applied to a 
pharmacokinetic study of paeonol in rats using two administrative protocols, i.e ., an oral 
administration of the pure paeonol alone, and oral dosing of QFGJS containing approximately 
equivalent paeonol [37]. 

Nasir Uddin et al applied HPLC-DAD to the determination of six 1,4-benzodiazepines: 
Bromazepam (BRZ), Clonazepam (CLZ), Diazepam (DZP), Flunitrazepam (FNZ), 
Lorazepam (LRZ), Alprazolam (APZ) and two metabolites: a-hydroxyalprazolam (HALZ) 
and a-hydroxytriazolam (HTZL) in human plasma, urine and saliva [38]. 


5.3. Pharmaceutical Industry 

PDA detection can provide the required specification from regulatory agencies like 
performance verification tests required by major pharmacopoeias. The required performance 
tests include wavelength accuracy, stray light, resolution, and photometric accuracy. An 
appropriate computer system is needed to provide system control, data acquisition, and 
accurate and precise integration and quantification of chromatographic peaks. Generally, it is 
accepted that proper operation is confirmed by obtaining satisfactory results from operational 
qualification testing of the complete computer system. Basic research and product 
development in pharmaceutical companies are often concerned with the purity of the 
compounds developed or produced. A PDA detector can provide information using the 
acquisition of spectra to determine peak purity. The latter is of paramount importance in 
pharmaceutical industry, where it is designated to detect the presence of co-eluting impurities. 

Quality control and stability testing laboratories bring their own demands to analytical 
instruments. Stability laboratories are responsible for determining the expiration date of the 
product and to determine the conditions under which the product degrades to the point of not 
meeting the expected concentration levels. In this section the applied capabilities of PDA 
detector to meet the demands of product development in pharmaceutical companies will be 
discussed. 

5.3.1. Drug Monitoring 

The photodiode array detection allows obtaining full UV spectral data for the analytes 
and this in turn allows identifying chromatographic peaks with a higher degree of confidence 
with respect to normal spectrophotometric detection. This is particularly important when 
analysing drugs which have a high potential for abuse and when monitoring patients who 
have a history of drug abuse. 
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Colombo et al used DAD for the assay of amprenavir, ritonavir, indinavir, saquinavir, 
nelfinavir, lopinavir, atazanavir, nevirapine and efavirenz and the novel non-peptidic HIV 
protease inhibitor tipranavir in human plasma [39]. 

Vermeij and Edelbroek applied DAD to the simultaneous determination of seven 
antiepileptic drugs, including primidone, phenobarbital, phenytoin, carbamazepine, with its 
two major metabolites carbamazepine-10,11 -epoxide and carbamazepine-10,11 -{trans)- 
dihydrodiol and the new antiepileptic drugs: lamotrigine, hydroxycarbazepine (active 
metabolite of oxcarbazepine) and zonisamide in serum. Since heptobarbital and phenacemide 
elute very close to each other and may interfere with analysis of carbamazepine-10,11- 
(^ra^)-dihydrodiol, the use of a diode array detector is a useful aid in diminishing the chance 
on interferences by checking peak purity. Identity of each analyte is further confirmed by 
matching UV-spectra with references in the spectral library [40]. 

Desrivot et al developed an HPLC/DAD method for the in vivo monitoring of three new 
antileishmanial 2-substituted quinolines for the development of an oral treatment. Three phase 
I metabolites were included in this work for the optimization of the method. The method, 
allowed the quantification of examined analytes in rat plasma. The objective of this work was 
also to allow the detection of putative metabolites, and to confirm the in vivo formation of the 
metabolites identified in vitro. It allowed defining the physico-chemical parameters of three 
antileishmanial quinolines under pre-clinical study for the development of an oral treatment 
of VL. This method was also optimized to allow the determination of more hydrophilic 
derivatives, expected to be in vivo phase I metabolites. It can be also used to characterize the 
extent of plasma protein and albumin binding of the three drug candidates which will be 
further used for the establishment of essential pharmacokinetic parameters [41]. 

Methadone and buprenorphine are two of the drugs most frequently used for abstinence 
from illicit opioids and in the treatment of pain. Mercolini et al developed a sensitive and 
selective high-performance liquid chromatographic method with diode array detection for the 
simultaneous determination of methadone, buprenorphine and norbuprenorphine in biological 
fluids for therapeutic drug monitoring (TDM) purposes [42]. 

Lancelin et al developed an HPLC-DAD method for the quantification of aripiprazole 
and dehydro-aripiprazole, in human plasma for the therapeutic drug monitoring of 
aripiprazole-treated patients. The method validation was performed according to the Food and 
Drug Administration (FDA) guidelines for the analytical Methods. Acquisition from 200 to 
350 nm was performed to allow the drug identification by its ultraviolet absorption spectrum 
and for the study of the peaks’ purity [43]. 

Musenga et al used DAD to develop of two methods, based on the use of capillary 
electrophoresis (CE) and HPLC, respectively, for the analysis of the atypical antipsychotic 
aripiprazole in human plasma of schizophrenic patients for therapeutic drug monitoring 
purposes [44]. 

5.3.2. Pharmacokinetic Studies 

Lee et al described a rapid, simple and sensitive isocratic high-performance liquid 
chromatography with diode array UV detection for micro-sample analysis of paclitaxel in 
mouse plasma. Peak purity was determined over a UV wavelength range of 200 to 400 nm. 
HPLC methods have been most frequently used in pharmacokinetic studies of paclitaxel 
because of their simplicity, sensitivity and selectivity [45]. 
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Samanidou et al applied DAD to the determination of ten quinolone antibiotics: enoxacin, 
ofloxacin, norfloxacin, ciprofloxacin, danofloxacin, enrofloxacin, sarafloxacin, oxolinic acid, 
nalidixic acid, and flumequine in pharmaceutical formulations destined either for human or 
for veterinary use [46]. 

Kiigiik et al used DAD for the investigation of the pharmacokinetics of tramadol in rabbit 
plasma. PDAD was applied to validate the whole analytical method, according to 
international guidelines in order to obtain an efficient tool for further pharmacokinetic studies 
in rabbit plasma [47]. 

Jacobson et al applied PDA to the pharmacokinetic study of Ceftiofur sodium, which is a 
third generation broad-spectrum cephalosporin, formulated as an intramuscular injection, 
used to treat respiratory diseases in swine, ruminants and horses. In addition to retention time, 
diode-array detection was used to confirm peaks based on wavelength with neighbouring 
peaks possessing significantly different UV spectra [48]. 

Yang et al applied PDA to characterize the pharmacokinetic and metabolic properties of 
1,5-Dicaffeoylquinic acid (1,5-DCQA) in rats following single intravenous administration 
(160 mg/kg), which is a potentially important HIV-1 integrase inhibitor widely distributed in 
many plants. The metabolites formed in urine were identified by liquid chromatography-mass 
spectrometry (LC-MS) in parallel to diode-array detection [49]. 

Zhang et al applied PDA to the pharmacokinetic study of dihydromyricetin and myricetin 
in rat plasma after orally administrating the decoction of Ampelopsis grossedentata [50]. 

Mertens et al developed a sensitive and selective method based on liquid chromatography 
combined with diode array and tandem mass spectrometry detection (LC-DAD-MS/MS) for 
the simultaneous quantitative determination of fenofibric acid, pravastatin and its main 
metabolites in human plasma. The developed LC-DAD-MS/MS procedure was used to 
investigate the bioavailability of fenofibrate and pravastatin after multiple oral doses of 
different formulations of fenofibrate, pravastatin, a mixture of fenofibrate and pravastatin in 
36 healthy subjects [51]. 

Liang et al applied photodiode array detection to the pharmacokinetic study of five 
bufadienolides in rat plasma after oral administration of Chansu extract (Venenum Bufonis) 
[52]. 

5.3.3. Peak Purity Analysis- Determination of Impurities 

In a typical analysis of chromatographic purity in the pharmaceutical industry, the 
chromatogram consists of one major peak, which is the active ingredient, and several much 
smaller peaks, consisting of the impurities. The analysis to test the purity of drugs is mainly 
performed by HPLC, using DAD or mass spectrometric detection. The aim of purity analysis 
is to separate possible impurities from the main component and then, if possible, to identify 
them.The origin of organic impurities implies that their molecular structures are usually very 
similar and also closely related to the molecular structure of the main compound. Therefore, 
most separation methods do not provide sufficient resolution for drug impurity profiling. To 
solve this problem hyphenated methods may be used [53]. 

Gorog et al used HPLC-DAD for the impurity profiling of several drugs [54]. 

Nicolas and Scholz described the use of HPLC-DAD for spectral matching. Impurities 
could be characterised without isolating them, when retention times vary and standards are 
not available. Therefore, this method is particularly useful for unknown impurities [55]. 
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The analytical search for impurities in drugs is complicated, because the standards are not 
always available and because unexpected impurities are produced by new mutants during 
fermentation. Due to this it is useful to check the purity of the peaks in the chromatogram 
even when it is obtained with an optimized analytical technique. De Braekeleer et al used 
HPLC with diode array detection for the analysis of a tetracycline hydrochloride sample (TC- 
HC1). Data obtained with hyphenated techniques, such as high-performance liquid 
chromatography coupled with a diode array detector (HPLC-DAD), are analysed with 
chemometric methods such as the orthogonal projection approach and the fixed size moving 
window evolving factor analysis approach for this purpose [56]. 

The growing interest in combinatorial chemistry has led to a new source of compounds 
from which a large number of leads has emerged over recent years. Parallel synthesis, in 
particular, allows a quick production of a wide number of individual compounds. A rapid 
analytical control is needed to determine their quality. Dulery et al developed a strategy using 
automated, fast reversed-phase HPLC with diode-array detection (LC-DAD) followed by 
atmospheric pressure chemical ionisation mass spectrometry (APCI-MS) and NMR has been 
developed for their characterisation and purity control [57]. 

The application of HPLC coupled with DAD is becoming more and more important for 
the analysis of multicomponent systems. In spite of the high separation efficiency of the 
technique, the occurrence of overlapped peaks is often unavoidable. In difficult cases 
chemometrics can help in peak purity analysis. Garrido Frenich et al used DAD to the Simple 
to use interactive self-modelling mixture analysis (SIMPLISMA), orthogonal projection 
(OPA) and Needle Search (NS) approaches which have been applied to the determination of a 
number of compounds present in a complex multicomponent system [58]. 

van Zomeren et al applied HPLC-DAD for the identification and quantification of 
impurities in drug impurity profiling. Real and simulated high-performance liquid 
chromatography diode array detection (HPLC-DAD) data were obtained for drug mixtures 
containing one main compound and two impurities. The performance of five curve resolution 
methods was compared systematically. HPLC-DAD data were simulated for six impurity 
levels (30, 10, 3, 1, 0.3, and 0.1%), three main compounds (first, second, and last eluting 
peak), and four resolutions [59]. 

Related organic impurities generally have approximately similar molar absorption 
coefficients (s) due to their structural similarities. On the assumption that all peaks in an 
impurity profiling chromatogram have approximately the same maximum molar absorption 
coefficients (emax) and the chromatogram contains one major peak and several much smaller 
ones, all of which are completely separated, integration of the summed score vectors from the 
principal component analysis (PCA) decomposition of high-performance liquid 
chromatography-diode array detection (HPLC-DAD) data will give areas that are 
quantitatively proportional to the actual content of the compounds [53]. 

Wiberg et al proposed DAD for the determination of chromatographic peak purity by 
means of principal component analysis (PCA) of high-performance liquid chromatography 
with diode array detection (HPLC-DAD) data. The method is exemplified with analysis of 
binary mixtures of lidocaine and prilocaine with different levels of separation. Lidocaine and 
prilocaine have very similar spectra and the chromatograms used had substantial peak 
overlap. The peak purity determination was made by examination of relative observation 
residuals, scores and loadings from the PCA decomposition of DAD data over a 
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chromatographic peak. As a reference method, the functions for peak purity analysis in the 
chromatographic data system used were applied. 

DAD with absorbance measured as a function of retention time and wavelength provides 
greater scope for analysing peak purity compared to single wavelength detection. Different 
methods of peak purity determination utilising DAD data have been developed, and modem 
chromatographic data systems generally have some functions for the analysis of peak purity 
in their software. By performing PCA of DAD data for a chromatographic peak with an 
investigation of relative observation residuals, scores and loadings, peak purity can be 
determined [60]. 

Burini and Coli developed an HPLC-DAD method to identify and quantify formaldehyde 
in spirits. Formaldehyde was quantified with DAD after derivatization. Purity of 
formaldehyde derivative peak was confirmed by comparing of UV-Vis spectra of the 
derivative of formaldehyde as a standard with that of a real sample. The use of a diode-array 
detector ensured peak identify and purity of the formaldehyde derivative [61]. 

Vuletic et al used HPLC-DAD to detect unknown impurities in simvastatin substance and 
tablets at a 0.2% level. The impurity stmctures were elucidated by a direct hyphenation of 
liquid chromatograph to high-resolution mass spectrometer with electrospray ionisation 
interface. Peak tracking was performed using the column-switching technique. The impurity 
from tablets was synthesized and its stmcture confirmed by LC-UV, LC-MS/MS, and NMR 
techniques [62]. 

Fiori et al developed HPLC-DAD and LC-ESI-MS methods for the analysis of 
doxycycline, including the identification of the related impurities metacycline and 6- 
epidoxycycline and its determination in a medicated premix [63]. 

Identification of the unresolved peaks is a challenging task for analysts. In the use of 
DAD spectral library, when peaks overlap, searching a standard spectra library could produce 
varying qualitative results due to the extraction of sample spectra with the peaks at different 
positions in the chromatogram. In the use of spectral correlative chromatography, one 
chromatogram is only compared with one standard spectrum to find the highest points of 
every curve, so the process has to be performed many times for identification of all peaks in 
the chromatogram. 

Advances in computer application techniques and instrumentation for HPLC coupled to 
diode array detection (DAD) and to mass spectrometry (MS) provide more information and 
make qualitative analysis accurate and faster. Li and Hu developed a novel qualitative 
analytical method for peak tracking in impurity profiling control by the correlation of spectra 
was established. Two-dimensional (2D) standard spectrochromatographic data produced by 
high-performance liquid chromatography with diode array detection (HPLC-DAD) were 
compared with sample data to develop two-dimensional chromatographic spectral correlative 
maps. With 2D chromatographic spectral correlative maps, all unresolved components and 
their elution order could be recognized in a new chromatographic system, with only a single 
run. 

The comparison of spectra was expanded to three-dimensional space and developed two- 
dimensional chromatographic spectral correlative maps. 

Making the most of the separation ability of HPLC and spectral specificity, 2D 
chromatographic correlation spectroscopy is a powerful method for the identification and is 
successfully applied to a recognition system for peak tracking in impurity profiling control in 
quinolones. The main advantages of the method are rapidly and simultaneously identifying 
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multi-components without reference substances, accurately distinguishing the elution orders 
of the unresolved peaks, and testing the peak purity at the same time [64]. 

Salicylaldehyde isonicotinoyl hydrazone (SIH) is an iron-chelating aromatic hydrazone 
with promising pharmacological properties. However, it suffers from relatively short 
biological half-life. Hence, two novel derivates of SIH, HAP-INH 2’-hydroxyacetophenone 
isonicotinoyl hydrazone and HPP-INH 2’-hydroxypropiophenone isonicotinoylhydrazone 
(HPP-INH) were synthesized in order to overcome this pharmacokinetic drawback. 
Kovarikova et al applied HPLC-DAD and HPLC-MS/MS methods to investigate the identity 
of the putative impurities of these newly prepared substances, which are being formed in 
aqueous environment. At first, it was shown that their retention times as well as UV spectra 
did not correspond to any expected synthetic precursor, by-product or degradation product. 
HPLC-DAD analysis confirmed purity of peaks and revealed close but not identical UV 
spectra of putative impurities and corresponding hydrazones. In order to obtain more 
information about the origin and identity of the unknown impurities, HPLC-DAD analysis 
was performed. The peak purity of all peaks in the study was initially documented, thus 
excluding the possibility of co-elution. Thereafter, DAD spectra of the putative impurity were 
compared with those of the parent compounds [65]. 

Eleutherine americana originates from tropical America, where its elongated red roots 
have been used by the indigenous population for centuries as a herbal remedy. The plant, 
belonging to the Iridaceae family, is now widely cultivated in China for ornamental and 
medicinal purposes. The bulb is used for the treatment of coronary diseases, and as diuretic, 
emetic and purgative. In Thailand, in pure form it is a traditional carminative, as mixture with 
galangal it is applied externally on the forehead to treat cold and nasal congestion in children. 
Previous research on the chemical constituents of E. americana resulted in the isolation of 
several naphthalene derivatives such as hongconin, elecanacin, eleuthoside B, isoeleutherin, 
eleutherin and eleutherol. Pharmacological studies indicated significant anti-HIV activity of 
isoeleutherin, and cardio protective activity of hongconin. Eleutherin revealed inhibition of 
human topoisomerase II (anticancer activity), and antibacterial activity against Pycococcus 
aureus, Streptococcus haemolyticus A , and Bacillus subtilis. Paramapojn et al applied DAD 
for the determination of a new naphthopyrone, eleutherinoside A, together with the known 
bioactive compounds eleuthoside B, isoeleutherin, eleutherin and eleutherol in Eleutherine 
americana [66]. 

5.4. Food Analysis 

HPLC has been increasingly applied to the analysis of food samples for additives, 
contaminants, antibiotic residues, ferilizers or pesticide residues, adulterants etc. 

Because of the need to determine these analytes at low concentration levels in complex 
matrices, sensitive and selective detectors are required. Spectral capabilities of a DAD enable 
a compound’s identity to be confirmed. The identity of separated compounds can be 
confirmed by library search. Such instruments provide the required identification of analytes 
according to legislation e.g. 657/2002/EC directive. According to this directive Confirmation 
can be also achieved by full scan DAD [67]. 

Confirmatory methods shall provide information on the chemical structure of the analyte. 
When more than one compound gives the same response, then the method cannot 
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discriminate between these compounds. Methods based only on chromatographic analysis 
without the use of spectrometric detection are not suitable on their own for use as 
confirmatory methods. 

LC with UV/VIS detection (single wavelength) is not suitable on its own to be used as a 
confirmatory method. LC-full-scan DAD Group B Specific requirements for absorption in 
UV spectrometry have to be met. In the case computer-aided library searching and matching 
are used, the comparison of the spectral data in the test samples to that of the calibration 
solution has to exceed a critical match factor. This factor shall be determined during the 
validation process for every analyte on the basis of spectra for which the criteria described 
above are fulfilled. Variability in the spectra caused by the sample matrix and the detector 
performance shall be checked. 

5.4.1. Residue Analysis 

Antibiotics are widely used in veterinary medicine for the treatment of diseases as well as 
in the form of nutritional supplements. The abundant and in some cases improper use of 
antibiotics may result in the presence of residues in edible animal tissues. Despite their 
beneficial usage, the misuse of antibiotics results in the development of nonpathogenic and 
pathogenic organisms' resistance. Moreover, the long-term use of antibiotics is dangerous for 
human health and potentially causes allergic reactions. In order to protect human health, the 
European Union has banned or enacted permitted limits (PL) or maximum residue levels 
(MRLs) for the presence of TCs in animal products. The use of veterinary drugs in the EU is 
regulated through Council Regulation. Council Directive 96/23/EC describes the procedure 
for the establishment of MRLs for veterinary medicinal products in foodstuffs of animal 
origin and regulates the residue monitoring of pharmacologically active compounds in 
products of animal origin [68]. This Directive divides all residues into Group A compounds, 
which comprises prohibited substances, and Group B compounds, including all registered 
veterinary drugs in conformity with Annexes I and III of 2377/90/EC and other residues [69]. 
The performance of analytical methods and the interpretation of results is regulated by 
657/2002/EC directive of the European Union [67]. 

Dommarco et al applied HPLC-DAD to the multi-residue method for simultaneously 
determining ten urea and three benzoylurea pesticides residues in drinking water with 
quantitation limits below the European regulatory limit. In conclusion, the present procedure 
can be considered sufficiently sensitive and reliable for routine analysis of drinking water 
[70]. 

Martinez-Galera et al developed an HPLC-DAD method for the determination of 
imidacloprid and its main metabolite 6-chloronicotinic acid (two very polar compounds) in 
the resolution of pesticide mixtures. The combination of advanced computational capability 
with the DAD technology applied in HPLC offers a powerful approach for the resolution of 
highly overlapping peaks when resolution of the mixture is not possible by modifying the 
mobile phase, it not being necessary to change the column [71]. 

Koole et al applied HPLC-DAD to the analysis and identification of 20 substances with 
anabolic properties that are considered as potential growth promoters, to be used for the 
analysis of extracts of calf urine samples. For the identification, a retention parameter and the 
UV spectrum were used. The combination of the information provided by the retention 
parameter obtained with the HPLC and the UV spectrum recorded with the DAD may be 
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sufficient for an unequivocal identification of the anabolics. For routine operation, the 
software can be programmed to collect data at those five wavelengths (multichromatogram 
mode). Spectra were saved for detected peaks in this mode. 

The HPLC-DAD system was used for the analysis of extracts of urine samples from calf 
taken during fattening of the animals for the presence of residues of illegal anabolics [72]. 

Cinquina et al [73] applied a high-performance liquid chromatography-diode array 
detection method (HPLC-DAD) combined with liquid chromatography-mass spectrometry 
for the determination of residues enrofloxacin and its metabolite ciprofloxacin in goat milk. 
The HPLC-DAD method validation was compliant with the “DG SANCO 1805/2000” 
European regulation, and it was capable to detect and quantify enrofloxacin residues and its 
metabolite ciprofloxacin in milk [74]. 

Cinquina et al also applied HPLC-DAD to the multiresidue determination of 
tetracyclines in bovine milk and tissues [75]. 

Chromatographic techniques are the most suitable to identify and quantify pesticides 
residues in grapes, in particular gas chromatography (GC) equipped with selective and 
sensitive detectors. Nevertheless, some pesticides can not be determined directly by GC due 
to their lack of thermal stability and/or their insufficient volatility without further 
derivatization (e.g. benomyl, carbendazim or thiophanate-methyl). In these cases the use of 
high-performance liquid chromatography (HPLC) is particularly useful for determining these 
residues in grapes. Rial Otero et al applied HPLC-DAD to the multi-residue analysis of 14 
fungicides in white grapes for vinification [76]. 

The increasing interest in the study of pesticides in grapes is justified from an enological 
point of view, since some pesticides can interfere with fermentative microflora used in wine 
production, as well as, with the consumer’ safety. Considering that washing grapes before 
consumption is the standard procedure, the study of the effect of washing on the residue 
concentration is required to assess real consumer exposure. Teixeira et al developed an 
HPLC-DAD method to study pesticide mobility in grapes, by comparing their residual 
concentration in the skin with that of the whole grape. The method was applied to 14 
fungicides and insecticides mostly used in grapevines, and was accepted by Integrated Pest 
Management procedures. The efficiency of water washing to remove pesticides from grape 
skins was also evaluated. A new analytical methodology to analyse is reported, employing 
liquid chromatography with diode array detection (LC-DAD) [77]. 

Garcinuno et al used DAD for the simultaneous determination of the fungicide maneb 
and its main metabolites (ethylenethiourea—ETU, ethylenebis (isothiocyanate) sulfide— 
EBIS, and ethyleneurea—EU) in tomatoes. The identity of EBIS, one of the main UV 
degradation products of maneb, was verified by both DAD UV detection and mass 
spectrometry [78]. 

Marazuela et al used UV-DAD for the simultaneous determination of ciprofloxacin, 
enrofloxacin, marbofloxacin, danofloxacin and sarafloxacin residues in milk, using 
norfloxacin as internal standard. Focus was given on the analysis of marbofloxacin, 
danofloxacin and enrofloxacin, which are administered to milk-producing animals, and 
ciprofloxacin and norfloxacin, which are exclusively applied in human medicine [79]. 

Topuz et al applied HPLC-DAD method to the simultaneous determination of four 
fungicides (folpet, chlorothalonil, quinomethionat, tetradifon) and one herbicide (trifluralin) 
in fruit juices. [80] 
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Vinas et al applied HPLC-DAD to the determination of chloramphenicol 
chloramphenicol residues in animal feeds. Specificity was demonstrated by the retention 
characteristics, UV spectra and peak purity index [81]. 

Gratacos-Cubarsi et al proposed an HPLC method with diode array detection (DAD) for 
the detection of sulphamethazine residues in pig and cattle hair. The identification of 
sulphamethazine peak in hair extracts was made comparing both retention time and spectra 
(collected between 240 and 400 nm) with those of the sulphamethazine pure standard 
solutions. The suitability of this method was verified on spiked and incurred hair samples. 
Residues of sulphamethazine were detected, at ng/mg level, in hair samples of both calves 
and pigs supplied with therapeutic doses of sulphamethazine [82]. 

Within the EU, the use of nitrofurans is prohibited in food production animals. For this 
reason detection of these compounds in feedingstuffs, at whatever limit, constitutes an 
offence under EU legislation. Jorge Barbosa et al applied HPLC-DAD to confirm the identity 
of the suspected presence of any of the nitrofuran compounds. In routine analysis, the HPLC- 
DAD method can be used to screen samples for the possible presence of the four nitrofurans 
analyzed and the LC-MS/MS method can be used to confirm any positive finding [83]. 

Vinas et al applied UPLC-DAD for the sensitive, selective and solvent-free determination 
of six oxazole fungicide residues (hymexazol, drazoxolon, vinclozolin, chlozolinate, oxadixyl 
and famoxadone) in wine and juices. The peaks were identified again using the DAD detector 
to continuously measure the spectrum while the solute passed through the flow-cell, thus 
confirming the identity and the purity of the peaks. Good agreement was found between the 
UV spectra of the different peaks obtained for the standards, the samples and the spiked 
samples [84]. 

Nozal et al applied HPLC-DAD to the determination of fumagillin residues in honey 
[85]. 

5.4.2. The Use of DAD for Residue Confirmation According to European Union 
Directive 657/2002/EC 

Pecorelli et al implemented DAD in a simple multiresidue method for assaying 10 
sulphonamides (SAs): sulfadiazine, sulfathiazole, sulfapyridine, sulfamerazine, 
sulfamethazine, sulfamonomethoxine, sulfachlorpyridazine, sulfamethoxazole, 
sulfaquinoxaline and sulfadimethoxine) in muscle samples. The method was validated 
according to the directive 657/2002/EC [86]. 

The use of the two macrolides antibiotics Spiramycin (S) and Tylosin (T) as growth 
promoters in animal feeding has been recently withdrawn in the European Union due to a 
concern about the outbreaks of farmacoresistance fenomena as a possible hazard for humans. 
For feed additives monitoring purposes, Civitareale et al developed an analytical method has 
been for their extraction, purification and identification in different animal feedingstuffs 
(pelleted beef, pig, poultry feeds and calves milk replacer) at the minimum performance 
required limit (MRPL). DAD was applied to identify the illegal presence of spiramycin and 
tylosin in different feedingstuffs. As verification, the overlapping of UV spectra in the range 
220-350 nm between analytical standards and the compounds in the matrix were considered. 

By the comparison of the spectral data (DAD) in the test sample to that of the calibration 
solution, HPLC method can be used as a simpler preliminary confirmatory mean method of 
verification than LC/MS(MS) able to use on official controls. This method can be considered 
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as a multi-drug method since it can distinguish the molecules of the same drug family such as 
erythromycin and oleandomycin [87]. 

Posyniak et al developed a liquid chromatography-diode array detection (LC-DAD) 
procedure for the determination of chlortetracycline and its 4- epimer (4-epi- 
chlortetracycline) residues in pig kidneys. The identification criteria of decision 2002/657/EC 
for full scan UV-vis detection were accomplished for all analysed solutions [88]. 

Quinolones comprise an interesting group of antibacterials whose action is based on their 
anti-DNA activity. All quinolone antibiotics possess a carboxylic group in position 3 and a 
carbonyl group in position 4. The introduction of 6-fluoro and 7-piperazinyl moiety gave rise 
to the production of second-generation quinolones, known as fluoroquinolones. The addition 
of these two moieties has increased the activity against Gram-positive and Gram-negative 
organisms. Samanidou et al applied DAD to the determination of five fluoroquinolones 
(enoxacin, ofloxacin, norfloxacin, ciprofloxacin, and enrofloxacin) in edible animal tissues 
(muscle tissue, liver, kidney, and eggs). Peaks in real samples were identified by means of a 
photodiode array detector. The applicability of the method was examined using real samples 
from a chicken treated orally with the five studied fluoroquinolones [89]. 

Tetracycline antibiotics (TCs) are broad-spectrum agents, exhibiting activity against 
infections caused by both Gram-positive and Gram-negative bacteria, as well as chlamydia, 
mycoplasmas, rickettsiae, and protozoan parasites. TCs were first discovered in 1945 and 
since then they have been extensively used to control bacterial infections in both humans and 
animals. Tetracycline, oxytetracycline, chlortetracycline, doxycycline, and minocycline are 
five members of this antibiotics group that are commonly used in food-producing animals. 
TCs are given to animals destined for human consumption not only to prevent and treat 
certain diseases but also to fraudulently promote growth. Different MRL values have been set 
for TCs in different target tissues. Samanidou et al applied HPLC-DAD to the determination 
of five tetracyclines (TCs): minocycline, tetracycline, oxy tetracycline, chlortetracycline, and 
doxycycline in bovine muscle. The procedure was validated according to the European Union 
decision 2002/657/EC determining selectivity, stability, decision limit, detection capability, 
accuracy, and precision. Decision limits (CCa) and detection capability (CCb) were 
determined for all compounds. In compliance with the 2002/657/EC decision, the validation 
procedure includes the determination of two novel criteria, CCa (limit of decision) and CCb 
(capability of detection), defined respectively as “the limit at and above which it can be 
concluded, with an error probability of a, that a sample is noncompliant” (greater than the 
MRL for group B substances), and “the smallest content of the substance that may be 
detected, identified, and/or quantified in a sample with an error probability of b.” For group B 
substances, errors must be a 5%. The results of the validation process demonstrate that the 
method can be readily applied to European Union statutory veterinary drug residue 
surveillance programmes [90]. 

Ortiz et al applied DAD detection to the determination of chlortetracycline in milk. The 
method was validated according to 657/2002/EC [91]. Corticosteroids, such as 
dexamethasone, have been illegally used as growth promoting agents to obtain an economical 
benefit from increased muscle development. These substances remain in meat and other 
animal products and may have negative toxic consequences for consumers. Reig et al 
developed a screening and confirmatory method for dexamethasone detection in feed and 
drinking water in livestock has been developed and validated. This method is based on 
immunoaffinity chromatography followed by reverse-phase high- erformance liquid 
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chromatrography (IAC-HPLC) with diode array detection (DAD). The performance criteria 
for liquid-chromatography with DAD detection, as fixed in the EC decision were 
accomplished. DAD was necessary for confirmatory purposes by comparing the spectrum of 
the analyte at the dexamethasone elution time with the spectrum of the pure 
dexamethasone. [92] 

Garcia et al used DAD to determine six sulfamides: sulfadiazine, sulfamethazine, 
sulfamethoxypyridazine, sulfamethoxazole, sulfadimethoxine and sulfaquinoxaline, in kidney 
and the method was validated according to 657/2002/EC [93]. 

Berrada et al applied a simple multiresidue HPLC-DAD to the determination of seven 
macrolide antibiotics in samples of liver and kidney animals at concentrations lower than 
those allowed by current legislation. The method was validated in accordance with the 
European Commission Decision 657/2002 [94]. 

Milk is one of the products from food-producing animals that may be contaminated by 
residues of drugs. The consumption of antibiotics through milk may generate allergic 
reactions to sensitive individuals. Different MRL values have been set by the European Union 
for quinolones in milk. In order to accomplish the European Union's requirements for the 
MRLs, sensitive multiresidue screening methods for quinolones in milk are required. 

Samanidou and Christodoulou applied DAD to develop a sensitive and simple 
multiresidue HPLC method for the determination of ten quinolones' residues in milk: 
enoxacin, ofloxacin, norfloxacin, ciprofloxacin, danofloxacin, enrofloxacin, sarafloxacin, 
oxolinic acid, nalidixic acid, and flumequine. Among these quinolones, only for danofloxacin, 
enrofloxacin, and flumequine, MRLs have been established in milk, according to the Council 
Directive (EEC) no. 2377/90. The proposed method is validated according to the performance 
criteria of European Decision 2002/657/EC. The method was subsequently applied to various 
milk samples available in Greek market: full cream, low fat and skimmed pasteurized milk, 
full cream and reduced fat evaporated milk, full cream and low fat high pasteurized milk, and 
milk treated at ultrahigh temperature [95]. 

DAD was also applied by Samanidou et al to the determination of seven tetracyclines 
(TCs) in milk: minocycline, tetracycline, oxytetracycline, methacycline, demeclocycline, 
chlortetracycline, and doxycycline. The procedure was validated according to the European 
Union decision 2002/657/EC determining selectivity, stability, decision limit, detection 
capability, accuracy, and precision [96]. 

Christodoulou et al used DAD for the simultaneous determination of ten quinolones: 
enoxacin, ofloxacin, norfloxacin, ciprofloxacin, danofloxacin, enrofloxacin, sarafloxacin, 
oxolinic acid, nalidixic acid, and flumequine, in various tissues of food-producing animals 
[97], as well as in chicken muscle and egg yolk, [98] and in bovine liver and porcine kidney 
[99]. All three methods were fully validated according to the criteria of European Union 
Decision 2002/657/EC determining linearity, selectivity, decision limit, detection capability, 
accuracy, and precision. 

Sulphonamides (SAs) are a group of synthetic antibacterial agents widely used in 
veterinary practice for the treatment of infections and growth promotion of food producing 
animals. There is a risk of SA residues remaining in animal products if these drugs have been 
improperly administered or if the withdrawal period has not been observed. Improper use of 
these sulphonamides in lactary cows has caused, for example, the presence of sulphonamide 
residues in milk, so that monitoring of such residues in products designated for human 
consumption and in slaughtered animals has become one of the most important duties for 
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public health agencies. Drug residues may cause allergic or toxic reactions to consumers and 
promote occurrence of antibiotic resistant bacteria. 

Samanidou et al used DAD for the determination of four sulphonamides: sulphadiazine, 
sulphaquinoxaline, suplhamethazine, and sulphadimethoxine. Two of them: 
sulphaquinoxaline and sulphadimethoxine, were determined in cow’s milk. PDA detection 
was performed for the detection and confirmation of separated analytes with monitoring at 
260 nm. Validation of the method was based on the Commission Decision 2002/657/EC. The 
method was applied to the analysis of twenty two milk samples from the local market. Eight 
different types of milk samples, purchased from the local market were analyzed following the 
proposed method in order to investigate the presence of the examined SAs. Milk samples 
included full cream pasteurized (3.5%), low fat pasteurized (1.5%), skimmed pasteurized 
(0.0%), full cream evaporated (7.5%), reduced fat evaporated (1.5%), high pasteurized full 
cream (3.5%), high pasteurized low fat (1.5%), and ultra high temperature treated (1.5%) and 
(0.3%). Identification of antibiotics was performed by means of a PDA detector. 
Sulphaquinoxaline was identified in seven of these samples. The similarity factors were 
greater than 0.9149 [100]. 

Nikolaidou et al used diode-array detection for the determination of seven tetracyclines in 
chicken muscle and egg yolk: minocycline, tetracycline, oxytetracycline, methacycline, 
demeclocycline, chlortetracycline, and doxycycline [101], as well as in liver and kidney 
muscle tissues [102], and in bovine and porcine muscle tissues [103]. All procedures were 
validated according to the Decision 2002/657/EC, determining selectivity, stability, decision 
limit, detection capability, accuracy, and precision. 

5.4.3. Food Characterisation 

The analysis of phenolic compounds in wines is of considerable commercial importance, 
since they are known to play the major role in defying the sensorial characteristics of wines, 
such as astringency, flavor, and color, as well as in the browning process, causing product 
deterioration. 

Samanidou et al applied DAD to the determination of five phenolic acids: caffeic, ferulic, 
vanillic, salicylic, and p-hydroxy-benzoic acid in wine and wine vinegar samples. The 
identification of phenolic compounds was performed by comparing their retention time values 
and UV spectra in the 190- 300 nm range with authentic standards stored in a data bank [104]. 

de Melo Abreu et al applied DAD to determine Azoxystrobin, kresoxim-methyl, 
trifloxystrobin, pyraclostrobin, famoxadone and fenamidone which are permitted Qo Inhibitor 
(Qol) fungicides applied to vine in some European countries for the treatment of downy and 
powdery mildews. The method was validated for the analysis of these fungicides in grapes 
and wine [105]. 

Lai et al successfully applied a Diode array detector hyphenated with atmospheric 
pressure chemical ionization/mass spectrometry (LC/DAD-APCI/MS) to the identification 
and characterization of the main flavonoids and caffeoylquinic acids (CQAs) of three 
common Compositae plants ( Chrysanthemum morifolium Raman, Artemisia annua , and 
Chrysanthemum coronarium ), which have been used as herbal medicine. Identification was 
performed by comparing the retention time, UV and mass spectra of samples with standards 
or/and earlier publications. Although there exist some similarities in the flavonoidic content 
of the leaf and flower of C. morifolium , significant variations in their varities and 
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concentrations were observed. Artemisia annua processes substantial amount of alkylated 
derivatives of flavones and Chrysanthemum coronarium contains only CQAs. These findings 
suggest that although all the plants studied are from the same Compositae family, their 
flavonoids and phenolic compositions are markedly different. The proposed method is useful 
for further chromatographic fingerprinting of plant flavonoids [106]. 

Curcuma xanthorrhiza and Zingiber zerumbet are two of the most commonly used 
ingredients in Indo-Malaysian traditional medicines, health supplements and tonics. Lately, a 
number of products derived from the aqueous extracts of these species have appeared in the 
market in the form of spray-dried powder packed in sachet or bottle. Ruslay et al used on-line 
high performance liquid chromatography, coupled with diode array detection and electrospray 
ion trap tandem mass spectroscopy (HPLC-DAD-ESI-MSn), to analyze the components in 
the antioxidant-active fractions from the rhizomes of these species. Three components were 
identified from C. xanthorrhiza, including bisdemethoxycurcumin, demethoxycurcumin and 
curcumin. To confirm their identities, the components from Z. zerumbet were isolated 
conventionally and were analyzed by spectroscopic techniques as well as by comparison with 
literature data [107]. 

Netzel et al investigated twelve native Australian fruits for their antioxidant capacity and 
presence of phenolic compounds, anthocyanins and ascorbic acid by HPLC-DAD/ESI/MS- 
MS which revealed profiles with simple anthocyanin composition (one to four individual 
pigments) with cyanidin as the dominating type. Australian native fruits investigated in this 
study are shown to be a novel rich source of antioxidant compounds. Identification of 
anthocyanins was performed by HPLC-DAD/ESI/MS-MS [108]. 

Kang et al developed an HPLC/DAD/ESI-MSn method for the chromatographic 
fingerprint analysis and characterization of furocoumarins in the roots of Angelica dahurica 
for the first time. Nine “common peaks” were identified by comparing with the retention 
time, UV and MS spectra of reference furocoumarins. Moreover, a total of 20 furocoumarins 
were identified or tentatively characterized from the roots of A. dahurica by 
HPLC/DAD/ESI-MSh technique. The wavelength for the detection of compounds in the roots 
of A. dahurica was selected by DAD. It appeared that the chromatograms at 270 nm and 
320nm could represent the profile of the extract [109]. 

Anthocyanins, which belong to the flavonoid phenolic group of compounds, are natural 
pigments which are widely distributed in plants that are consumed in the human diet such as 
crops, beans, vegetables and fruits. A large amount of anthocyanins from plants is ingested 
every day. In particular these anthocyanins are associated with a wide range of biological 
activities including antioxidant, anti-inflammatory, anticancer and a-glucosidase inhibition. 
Additionally these pigments may reduce the risk of coronary heart disease through 
modulation of arterial protection, inhibition of platelet aggregation or endothelial protection. 
For this reason, the food and medicinal industries are increasingly interested in fruits and 
vegetables with a high content of bioactive anthocyanins for the manufacture of supplements 
with preventative and therapeutic uses. Numerous studies have revealed that the beneficial 
health effects of black soybean are due to the several phytochemicals, such as isoflavones, 
saponin, and anthocyanins. It should be noted, however, that the anthocyanins isolated from 
black seed coated soybean can be expected to possess various biological activities. Lee et al 
isolated, identified and characterised the anthocyanins in the black seed coated soybean using 
HPLC with diode array detection and electro spray ionization/mass spectrometry (DAD 
ESI/MS) analysis [110]. 
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Salad vegetables could be relevant as dietary sources of natural antioxidants. A better 
knowledge of their composition can be useful for understanding their potential bioavailability 
and biological activities. The antioxidant compounds, polyphenols and vitamin C, have been 
determined in five varieties of lettuce (iceberg, romaine, continental, red oak leaf, lollo rosso) 
and one variety of escarole (frisse). Rafael Llorach et al studied the phenolic contents of these 
salad vegetables by HPLC-DAD and significant differences in the content of polyphenols 
between green varieties, red varieties and escarole were detected. The method allowed the 
identification of two compounds previously not reported in lettuce; quercetin and luteolin 
rhamnosyl-hexosides. Qualitative and quantitative differences were observed between the 
polyphenol profiles. Caffeic acid derivatives were the main phenolics in green varieties, while 
flavonols were detected in higher quantities in red varieties and escarole, and anthocyanins 
were only present in red-leafed varieties. The highest total phenolic content was observed in 
red-leafed varieties while the highest level of vitamin C was detected in the continental 
variety. The red varieties showed the highest antioxidant activity by all the methods assayed 
[ 111 ]. 

5.5. Stability Studies 

Bilia et al used DAD as a part of their investigations on the stability of tinctures. They 
have evaluated 40 and 60% v/v tinctures of Calendula flower, Milk-thistle fruit and 
Passionflower. These preparations are widely employed in phytotherapy, thus Calendula is 
used externally for anti-inflammatory properties, Milk-thistle and Passionflower are 
employed for hepatic injuries and in tenseness with difficulty in falling asleep, respectively. 
Aim of this work was to assess the chemical stability of their active or marker constituents 
from accelerated and long-term testing by using HPLC. Thermal stability of the constituents 
from accelerated and long-term testing was determined by HPLC-DAD and -MS analyses and 
was related both to the class of flavonoids and water content of the investigated tinctures. The 
purity of peaks was checked by DAD, comparing the UV spectra of each peak with those of 
authentic reference samples and/or by examination the MS spectra [112]. 

Escarpa et al. applied HPLC-DAD to the study of the analytical performance of the main 
phenolic classes (benzoic and cinnamic acids and flavan-3-ols, flavonols and flavones as 
subclass of flavonoids) contained in legume samples. (+)-catechin, (-)-epicatechin and 
luteolin as flavonoids as well as caffeic and coumaric acids were definitely identified by 
comparison of retention time and UV spectra against those found in standards. The phenolics 
contained in extract solutions were successfully separated and they showed high stability in 
their retention times and peak area [113]. 

Amoxicillin is widely used in veterinary medicine. Perez-Lozano et al described an 
HPLC-DAD methodology (by VICH guidelines) for the stability evaluation of amoxicillin in 
granular premixes. The method monitors amoxicillin as well as the degradation products 
formed during the stability study. It also proved to be suitable as a rapid and reliable quality 
control method. The stability study of premix, by monitoring the degradation products by the 
HPLC method proposed, indicates that the estimated shelf life during which it keeps its initial 
quality attributes is of 21 months [114]. 

Berries and red fruits are dietary sources of polyphenols with reported health benefits. As 
part of the diet, polyphenols are ingested as complex mixtures immersed in a food matrix 
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which is digested in the gut. To understand the effects of dietary polyphenols on human gut 
health it is essential to determine their stability and fate in the lumen. Bermudez-Soto et al 
investigated the effects of an in vitro gastric and pancreatic digestion on the stability and 
composition of the major polyphenols in chokeberry juice. Samples taken after gastric and 
pancreatic digestion were analyzed by HPLC-DAD and HPLC-MS/MS to determine the 
composition and recovery of soluble phenolics. Phenolic compounds were identified by their 
UV spectra, by their molecular weight and molecular fragments and, wherever possible, by 
chromatographic comparisons with authentic synthetic standards [115]. 

St John’s wort is a medicinal plant with a long history of use in traditional medicine all 
over Europe. The presence of the characteristic polyprenylated acylphloroglucinol 
derivatives, namely hyperforin and analogs are instead related to the oil’s therapeutic activity. 
Isacchi et al evaluated five different samples of SJW oils by HPLC-DAD-MS analysis to 
verify the variability and stability of the constituents according to the following factors: 
different harvesting time, fresh or dried plant material, use of sunlight or heating systems 
during extraction. The stability of the oils over a 1-year period was also tested by HPLC- 
DAD-MS analysis. The authors reported a comparison of HPLC analysis of the constituents 
of Oleum Hyperici prepared by traditional method and other procedures to find the best 
condition of extraction of the phytocomplex in order to obtain a maximum concentration of 
constituents [116]. 

Xie et al developed a selective and efficient quality consistency assessment system for 
monitoring the manufacturing processes of a Chinese herbal preparation, Qingfu Guanjieshu 
(QFGJS) capsule, and for assessing its stability over time. This system is based on 
quantitative determination of four marker compounds, i.e., sinomenine, paeoniflorin, paeonol, 
and curcumin, and on qualitative fingerprinting analysis of QFGJS using HPFC-DAD. This 
could be used both for quantitative determination of four bioactive compounds and for 
fingerprinting analysis to evaluate the quality consistency of QFGJS during its stability 
testing. 

By comparing both the retention times and the UV spectra of the reference standards, 
four marker compounds (sinomenine, paeoniflorin, paeonol, and curcumin) in QFGJS were 
well identified. 

The peak purity was confirmed by studying the DAD data with all peaks of interests in 
which no indication of impurities of peaks was found [117]. 

The chemical composition of virgin olive oil may be influenced by genotype and 
different agronomic (i.e. fruit ripeness degree, water supply) and technological factors. 
Baccouri et al reported the evaluation of the influence of the olive ripening stage on the 
quality indices, the major and the minor components and the oxidative stability of the two 
main monovarietal Tunisian cultivars (cvv. Chetoui and Chemlali) virgin olive oils. 
Moreover, the olives cv. Chetoui were tested in a rain-fed control and an irrigation regime. 
The oils sampled at five different ripeness stages were submitted to HPFC-DAD/MSD 
determination of their quali-quantitative phenolic and tocopherolic profiles. Moreover, the 
triacylglycerol and fatty acid compositions, and minor components such as squalene, 
pigments and their relation with the oil oxidative stability were evaluated [118]. 
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5.6. Identification Studies 

Though HPLC-MS is a powerful tool for identification, the methods based on it are 
usually more sophisticated so that the laboratories that are not well equipped cannot easily 
perform them. In contrast, methods based on HPLC-DAD such as the maximum absorbance 
at a certain wavelength, multiple absorbance ratios, which are not reliable, are employed to 
identify substances, and it is reported that DAD spectral library and spectral correlative 
chromatography were applied to identification of peaks in chromatograms. 

Brolis et al used PDA for the identification of flavonoid, naphthodianthrone and 
phloroglucinol constituents of Hypericum perforatum, a medicinal plant, which has been 
known in traditional medicine as an anti-inflammatory and healing agent. The alcoholic 
extract of its aerial parts finds wide application for its antidepressant activity. The purity of 
the peaks was also checked by photodiode array detection. The UV spectra of a peak at three 
different points (upslope, top and downslope) were compared with the UV spectrum of the 
authentic reference sample. The method was found to be specific and suitable for routine 
analysis because of its simplicity, specificity, accuracy and reproducibility [119]. 

Amoldi et al used DAD to distinguish between ‘poisonous’ and ‘non-poisonous’ 
chemotypes of Ferula communis. The two chemotypes showed different fingerprints. The 
identification of five coumarins and eleven daucane derivatives was performed by HPLC- 
diode array detection (HPLC-DAD) and HPLC-MS. A coumarin, not yet described, was 
detected. The HPLC-DAD-UV fingerprint of the ‘poisonous’ chemotype of F. communis was 
totally different from that of the ‘non poisonous’ chemotype. 

The developed HPLC method allowed a simple and rapid identification of the two 
different and morphologically indistinguishable chemotypes of F. communis growing in 
Sardinia [120]. 

Horvath et al developed a method of analysis of eight flavones using HPLC-DAD in root 
and aerial tissues of the medicinal plant Scutellaria baicalensis. The identity of the analytes 
was confirmed using retention time, UV-vis and mass spectral comparisons to commercial 
standards. By combining HPLC, DAD, and MS for medicinal plant analysis, the 
identification and quantification of bioactive and marker compounds in complex matrices can 
be realized even with structurally similar natural products. The ethod was used for subsequent 
quantitative analysis of two different S. baicalensis plant types, including greenhouse and in 
vitro-grown plants, to establish potential differences of flavone concentrations between the 
two plant types [121]. 

Wu et al developed an HPLC-PDA method for the analysis of the major alkaloids in 
Huperzia serrata , a traditional Chinese medicine herb. 

With the help of multi-dimensional information of HPLC-DAD-ESI-MS-MS the alkaloid 
compounds in H. serrata could be identified in a single run successfully. The chromatogram 
acquired using this method can serve as a fingerprint of the alkaloid components for the 
quality control of H. serrata and its alkaloid extracts [122]. 

Blanc et al applied DAD to the separation and identification of natural dyes in historical 
maps. The authors introduced a new methodology for the chemical analysis of historical 
documents, text and graphic, based on HPLC-DAD. The method is useful for librarians and 
archivists because knowledge of the nature or type of dyes within the artefacts is essential to 
classify and to use the adequate procedure to restore and preserve them. It has been 




Photodiodes: A Powerful Tool in HPL for Peak Detection and Identification 


267 


successfully applied to historical maps from The Royal Chancellery Archives in Granada 
[123]. 

High performance liquid chromatography coupled with a photodiode-array detector and a 
mass spectrometry (HPLC-DAD-MS) provides a powerful tool for polyphenol analysis in 
crude plant extracts. HPLC DAD provides extensive information on polyphenol structures, 
while HPLC-MS provides information about the polyphenol molecular weight and the 
molecular structure from its fragmentation data. Fang et al used DAD for the qualitative 
analysis of the ethyl acetate extracts from three bayberry cultivars, Xiangshan, Biqi and 
Dongkui, performed by means of a hyphenated technique of HPLC coupled to photodiode 
array detection and electrospray ionization mass spectrometry. Three phenolic compounds 
were identified (gallic acid, protocatechuic acid, and quercetin 3-glucoside) and seven others 
partially identified. Spectral measurements were made over the range 200-600 nm. Contents 
of gallic acid, protocatechuic acid and flavonol glycosides were determined by the HPLC- 
DAD. The method was successfully used in determination of phenolic compounds from 
bayberry cultivars of Xiangshan, Biqi and Dongkui [124]. Flos Lonicerae, a traditional herbal 
medicine, has been used in China to treat some inflammatory disease. Several different 
classes of compounds have been separated from the herb to assess their pharmacological 
activities. Among these classes, flavonoids, iridoid glycosides and saponins have been well 
studied and may be responsible for its clinical application. Therefore, quality control of Flos 
Lonicerae is an important issue for drug safety and validity evaluations. Chen et al developed 
a quantitative method of capillary HPLC-D AD/E SI-MS for the simultaneous assay of 24 
compounds in Flos Lonicerae. The method was demonstrated to be a powerful tool for 
comprehensive analysis of herbal medicines, owing to its exclusive selectivity and excellent 
sensitivity. 

Iridoid glycosides and flavonoids could be simultaneously detected at 250 nm and 
flavonoids could be monitored at 350 nm by DAD. As saponins do not contain strong 
chromophores, HPLC-MS was the method of choice for their determination [125]. 

Various analytical methods based on the HPLC-D AD technique were used to determine 
38 phenolic compounds in red wines. Garcia-Falcon et al proposed used DAD to establish the 
phenol composition of Mencia and Brancellao, two varietal young red wines, and its 
influence on colour stability during storage in bottles for one year. Phenolic compounds in 
wines are usually identified by standard HPLC. By virtue of their high concentrations in red 
wines, anthocyanins can be determined simply by direct injection of samples into an HPLC- 
DAD instrument. Phenolic compounds in wine were identified from their UV-Vis spectra 
and, wherever possible, by chromatographic comparison with authentic markers. 
Anthocyanins and hydroxycinnamic acids in the two varietal wines studied were successfully 
determined by direct injection into an HPLC-D AD instrument. All other phenolic 
compounds, however, required some pretreatment for analysis [126]. 

Lin et al applied LC-DAD-ESI/MS to identify 23 flavonoids in the extract of Mexican 
oregano (Lippia graveolens H.B.K.), a spice and herb, used in the USA and Mexico. The 
identification was made by detailed analysis of their UV and mass spectral data. Of these 
flavonoids, 20 are reported for the first time in this plant [127]. 

Carmona et al analysed the flavonoid fraction in saffron spice, by LC-DAD-MS/MS ESI 
and five kaempferol derivatives have been found. Compounds such as kaempferol-3- 
sophoroside, kaempferol-3-sophoroside-7-glucoside and kaempferol-3,7,40-triglucoside were 
tentatively identified, whereas other compounds, such as kaempferol tetrahexoside and 
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kaempferol-3-dihexoside were detected. Differences in the flavonoid contents of samples 
from various geographical origins were also studied in order to know whether they could be 
used as biomarkers for the determination of saffron origin. Spectral data from all peaks were 
accumulated in the range of 240-400 nm. Five flavonol compounds were tentatively 
identified by combination of the UV and mass spectra by HPLC-DAD-ESI-MS/MS [128]. 


5.7. Authenticity-Adulteration Studies 

Food adulteration is considered the act of intentionally debasing the quality of food 
offered for sale either by the admixture or substitution of inferior substances or by the 
removal of some valuable ingredient. Adulteration of foods is a serious economic problem 
concerning most food commodities. 

All types of adulteration are difficult to detect and lead to a deterioration of product 
quality. For consumer protection and to avoid unfair competition, it is of essential importance 
to guarantee both authenticity and compliance with the product specification [129]. 

5.7.1. Fruit Juices and Jams 

The advent of diode array detection has enhanced the profile characterization and 
phenolics identification; in fact, many phenolics show similar UV absorption spectra and, on 
the other hand, co-elution of phenolic acids with flavonoids and cinnamic acids may occur. 
Versari et al reported the analysis results of dihydrochalcone glycosides (phloretin glucoside 
and phloretin xyloglucoside) by direct RP-HPLC/DAD in several commercial juices, nectars 
and mashes in order to investigate the presence of marker compounds that could be useful in 
the characterization and differentiation of fruit-based beverages. Some phenolic compounds, 
(+) catechin, (-) epicatechin, chlorogenic acid, phloretin glucoside (phloridzin) and phloretin 
xyloglucoside, in several juice samples were separated and identified. Dihydrochalcones were 
identified as ‘markers’ in apple samples, their content was calculated and a ‘threshold 
concentration’ for detectable addition was evaluated. 

Phenolics identification was based on retention times and UV spectra. As evidenced by 
their characteristic UV spectrum recorded with diode array detection the spectrum of 
phloretin standards overlaps completely with those of the dihydrochalcones found in the 
samples and this can be considered as an indication of the relevant peak purity. In pear and 
strawberry samples, dihydrochalcones eluted close to flavonol compounds (quercetin 
derivatives); in these cases, diode array detection is required for peak identification [130]. 

Due to the similar texture and rheological properties of apple (Malus communis Lamk) 
and pear (Pirns communis Lin.), quince products are easily adulterated by these fruits. The 
stronger odour of quince masks the sweet flavours of both fruits, their presence being very 
difficult to detect by sensory evaluation. Silva et al determined the phenolic profiles of 12 
samples of Portuguese commercial and one home-made quince jelly by HPLC/DAD in order 
to evaluate their authenticity. These analyses showed that all samples presented a similar 
profile composed of at least eight identified phenolic compounds. The conclusion was that 
none of the samples were fraudulently adulterated by the addition of pear or apple, since they 
did not contain arbutin, the characteristic compound of pear, nor phloretin 20- 
xylosylglucoside and phloretin 20-glucoside, considered the chemical markers of apple. All 
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samples exhibited 5-HMF, a sugar derivative, as the major compound. This work represents a 
contribution to the definition of quince jelly phenolic profile, allowing the determination of its 
authenticity. The different phenolic compounds were identified by chromatographic 
comparisons with authentic standards and UV/vis spectra in the 200±400 nm range [131]. 

Stintzing et al used DAD for anthocyanins and betalains that are mutually exclusive in 
nature to investigate their potential synergism for food colouring purposes. An official HPLC 
method providing fingerprints of common fruit juices to detect adulterations among 
anthocyanic or with red beet extracts has also been published. Finally, the proposed HPLC 
method may be applied for authenticity evaluation of such mixtures [132]. 

Kurz, et al quantified the predominant free carotenoids in apricots by HPLC with diode 
array detection. In contrast to previously published data, a-carotene could not be detected in 
apricots. Although the pumpkins showed significant differences in their free carotenoid 
profiles, major unesterified compounds different from those found in apricots could be 
determined. However, due to the natural heterogeneity, authentication of the apricot products 
cannot be accomplished exclusively using the profile of free carotenoids. Therefore, the 
investigations were extended to carotenoid esters. The xanthophyll ester profiles in pumpkins 
significantly differed from those in apricots in that the latter also contained both saturated and 
unsaturated fatty acids, whereas in pumpkins exclusively saturated fatty acids were detected. 
Admixtures of lower cost pumpkins could be detected in quantities of P5% by increased 
contents of lutein and zeaxanthin, and by the appearance of antheraxanthin and a-carotene, 
respectively, depending on the added pumpkin cultivar, as well as the presence of 
characteristic lutein and antheraxanthin esters. However, pronounced differences in the 
carotenoid profiles of the investigated pumpkins and the partly minor amount of characteristic 
compounds lead to limitations of the detection of 5% level of admixture of pumpkin to 
apricot and of the method in general. 

One analytical technique is usually insufficient to detect all kinds of adulteration 
commonly practised. Therefore, in most cases only combined analyses allows reliable 
authenticity assessment of a product. Hence, the objective of the present study was to evaluate 
the potential of the carotenoid profile for authenticity studies of apricot purees and jams. 

The identification of the carotenes and xanthophylls investigated in the present study 
(antheraxanthin, lutein, lycopene, zeaxanthin, a-carotene, b-carotene, c-carotene and b- 
cryptoxanthin) was based on the comparison of retention times, UV/vis and mass 
spectrometric data of reference standards. b-Carotene Z-isomers were identified according to 
a former investigation by their retention time and their UV/vis spectral characteristics in 
comparison with the isomers obtained by iodine-catalysed conversion of all-E-b-carotene. 
Xanthophyll esters were characterised based on their retention times, UV/vis spectra and 
fragmentation patterns in LC-MS experiments [133]. 

5.7.2. Medical Plants 

Worldwide traditional herbal medicines are gaining popularity as a source of 
complementary and alternative remedies. In contrast to conventional pharmaceuticals, herbal 
medicines are generally presumed as safe, harmless and without side effects, because of their 
natural origin. Common problems affecting the safety of herbal medicines include 
contamination, adulteration, toxicity, lack of standardization, incorrect preparation or dosage 
and inappropriate labeling. According to the source of the plant materials, herbal medicines 
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can contain excessive or even banned pesticides, heavy metals and microbial contaminants. 
The presence of these contaminants as well as adulteration with conventional pharmaceuticals 
can lead to acute or chronic toxicity, severe side effects and drug interactions. Over the past 
several years, there have been many reports on adulterations of traditional herbal medicines 
by synthetic therapeutic substances [134]. 

Chromatographic fingerprint with marker compounds can be used as a mean of 
identification and standardization of FAHF-5 herb product. Chinese herbal formula is a 
complex mixture of chemical components. Chromatographic fingerprint has been suggested 
to be a practical and comprehensive approach for identifying authenticity and evaluating the 
quality, consistency and the stability of raw herbal materials and herbal extracts. Zou et al 
generated a simplified anti-food allergy herbal formula FAHF-5. This study was undertaken 
to establish the chromatographic fingerprint HPLC analysis of FAHF-5 by RP-HPLC with 
DAD detection (scan from 200 to 400 nm). From the chromatographic fingerprint of FAHF-5, 
31 diagnostic peaks were observed [135]. 

High pressure liquid chromatography coupled with a photodiode-array detector (HPLC- 
DAD) provides extensive information on polyphenol structures in crude or semipurified plant 
extracts. Knowledge of the precise composition of apple varieties may contribute to a better 
understanding of their influence in the quality and diversity of apple products such as apple 
juice and cider. For this reason, characterisation studies based on the polyphenolic profiles 
have been carried out with dessert and cider apple cultivars. The main classes of polyphenols 
found in apple fruit are flavan-3-ols (catechins (monomeric flavan-3-ols) and procyanidins 
(polymeric flavan-3-ols)), dihydrochalcones (phloretin glycosides), flavonols (quercetin and 
isorhamnetin glycosides), hydroxycinnamic acids and anthocyanins (cyanidin glycosides). 
LC-DAD with postcolumn addition of UV shift reagents afforded precise structural 
information about the position of the free hydroxyl groups in the polyphenolic nucleus. 
Alonso-Salces et al characterised apple polyphenols by means of hyphenated techniques such 
as HPLC coupled to UV photodiode array detection (LC-DAD) and to mass spectrometry 
(LC-MS). Five isorhamnetin glycosides, two hydroxyphloretin glycosides and quercetin were 
reported in apple peel for the first time. Postcolumn addition of UV shift reagents in LC-DAD 
analysis confirmed the presence of isorhamnetin glycosides and not the isomeric glycosides 
of rhamnetin. Moreover, isorhamnetin-3-O-rhamnoglucoside was identified unambiguously 
by comparison with a standard. These results are relevant not only from a chemotaxonomic 
point of view, but also in the control of authenticity of fruit derived products in order to detect 
fraudulent admixtures [136]. 

Jung et al applied HPLC-DAD to the identification of the ingredients, a urine sample as 
well as a sample of the Chinese herbal medicine “LiDa” capsule. This case demonstrates a 
common problem with herbal medicines. Besides contamination with excessive or even 
banned pesticides, heavy metals and microbial products, adulteration with synthetic 
therapeutic substances are one of the greatest risks using herbal medicines. Adulteration can 
lead to severe side effects or potentially fatal interactions with conventional drugs [137]. 

Problems with identification and labeling of medicinal plants, as well as 
substitution/adulteration of non-toxic plants by toxic ones have previously led to cancer, renal 
failure and even deaths. The non-toxic Stephania tetrandra (Fangji) has been known to be 
substituted by Aristolochia fangchi (Guang fangji), which contains the nephrotoxic and 
carcinogenic aristolochic acid (AA). Koh et al in their study compared HPLC-DAD 
chromatographic fingerprints of each methanol extract from 10 samples of “Fangji” bought 
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from local medicinal shops with those of A.fangchi and S. tetrandra , using aristolochic acid I 
(AAI), tetrandrine and fangchinoline as marker compounds. Nine of the samples were found 
to be similar to A. fangchi. The roots of S. tetrandra and A. fangchi are usually sold in the 
form of slices and look similar in appearance. Despite the similarity in appearance of both 
herbs and the presence of toxic AA in A. fangchi , to date, no method for the simultaneous 
detection of AAI, tetrandrine and fangchinoline is available for the purpose of differentiating 
between the two roots. DAD was used for the rapid identication and differentiation of both A. 
fangchi and S. tetrandra , using AAI, tetrandrine and fangchinoline as marker compounds. All 
but one of the samples resembled A. fangchi. The marker compounds, tetrandrine and 
fangchinoline, could not be found in all the 10 herbal samples. Instead, AAI was found to be 
present in the nine samples that resembled A. fangchi. AAI was identified by comparisons of 
the RT and UV profiles, as well as spiking the samples with AAI. The profiles were similar 
but the match factor was only 743. The fingerprints were very similar. The low concentration 
of the peak, suspected to be AAI, may have given rise to the low match factor [138]. 

5.7.3. Wine 

Wine is a product that can be easily adulterated, and for this reason wine authenticity is 
guaranteed by strict guidelines laid down by responsible national authorities, and includes 
sensory evaluation, chemical analyses, and examination of the records kept by wine 
producers. 

Matejicek et al applied HPLC-DAD to determine the concentrations of derivatives of 
benzoic and cinnamic acids and furaldehyde during maturing of a red wine (a mixture of 
Cabernet Sauvignon and Merlot) in barrique barrels (Quercus robur). The influence of degree 
of toasting of the wood on the amount of phenolic compounds in barrique wine was also 
investigated. Gallic, protocatechuic, p-hydroxybenzoic, vanillic, caffeic, syringic, p-coumaric, 
ferulic, benzoic and ellagic acids and p-hydroxybenzaldehyde, vanillin, 2-furaldehyde, 5- 
methoxy-2-furaldehyde and 5- methyl-2-furaldehyde were identified in the extracts of natural 
and toasted wood chips and in the extracts of the wine. Syringaldehyde was identified only in 
the extracts of the toasted wood chips. Ellagic acid can be regarded as a characteristic 
compound of barrique wine ageing and its constant level during some periods could become a 
marker of maturity of barrique wines. Due to the absence of furaldehydes in natural wines, 
these compounds can be considered as typical components of barrique wines and so they can 
serve as a marker of authenticity of barrique wines. 

In this study, time-dependent changes in the spectrum of phenolic compounds and 
furaldehydes in one natural red wine (an 80:20 v/v mixture of Cabernet Sauvignon and 
Merlot) matured in middle- and highly toasted oak-barrels were investigated. Two oak 
species (Quercus robur and Quercus alba) were compared in a model experiment in order to 
characterize the kinetics of extraction of these compounds from the toasted wood to wine. 
The peak identity was confirmed by comparing the retention times and UV-spectra of 
individual compounds (match factors greater than 995) stored in a user’s library [139]. 

Makris et al used HPLC-DAD to determine nineteen major polyphenolic phytochemicals 
including hydroxycinnamate derivatives, flavanols, flavonols, and anthocyanins, in 40 
experimental red wines. All wines analysed were young (non-aged), produced, and stored 
under identical conditions, in an effort to minimize the effect of oak wood and vinification 
technology. 
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The scope of this study was the utilization of several major polyphenolic components as 
critical parameters for categorizing young, non-aged, and varietal wines according to region 
of origin and cultivar, thus eliminating the impact of oak wood, as well as the reactions that 
might take place during ageing in an oak barrel. Furthermore, vinification and storage of all 
samples were carried out under identical conditions, to ascertain minimal influence deriving 
from implementation of techniques or conditions that could substantially alter the 
polyphenolic composition, thereby resulting in misleading conclusions. Identification was 
based on comparing retention times of the peaks detected with those of original compounds, 
and on UV-vis on-line spectral data. The examination was based on the determination of 
characteristic, predominant polyphenols, which could be very well separated and quantified, 
employing routine HPLC analysis with conventional diode array detection [140]. 

5.7.4. Meat 

Wissiack et al used DAD to determine hemoglobins in meat samples. After cation 
exchange chromatographic separation and diode array detection, different peak patterns for 
extracted hemoglobins of cow, lamb or pork meat are obtained. Other heme-group containing 
proteins like myoglobin or cytochrome C, which could be also detected with diode array 
detection at 416 nm, were chromatographically separated from the hemoglobins. By the use 
of these characteristic peak patterns, the species of the meat can be specified permitting the 
qualitative assessment of meat adulteration with the proposed screening method [141]. 

5.8. Toxicological Studies-Forensic Applications 

Forensic drug and toxicology laboratories have an on-going need for rapid, simple assays 
for screening biological samples suspected of containing drugs and metabolites of 
toxicological interest. 

HPLC is a versatile technique used in this area. DAD is a low cost compromise compared 
to LC-MS. Spectral information increase the reliability of this technique bringing into use a 
second criterion besides that of the retention time. HPLC-DAD is broadly used as 
identification tool in forensic and in emergency toxicology, particularly for detection of drugs 
of abuse. Compared to LC-MS which is typically used as confirmatory method HPLC-DAD 
is much less expensive and relatively simple to use [142]. 

Etorphine is a synthetic narcotic analgesic usually used in veterinary medicine. Elliott 
and Hale described a method for detecting and quantifying etorphine using HPLC with UV 
diode array detection (HPLC-DAD) and demonstrated the advantage of the technique for the 
detection of Immobilon at low doses. This paper describes a method for the detection and 
quantitation of etorphine in postmortem blood by HPLC-DAD, from a forensic case 
involving a suspected Large Animal Immobilon overdose. 

Post mortem blood specimens from the femoral vein and the heart were analysed and 
only etorphine and an acepromazine metabolite previously unidentified in humans were 
detected. Etorphine was identified by retention index value) and by UV spectral matching 
[143]. 

Dumestre-Toulet et al applied DAD to investigate a case study of a 43 year old man who 
was found dead in a hotel during a sexual relation with a colleague. He was treated both for 




Photodiodes: A Powerful Tool in HPL for Peak Detection and Identification 


273 


cardiovascular disease and for erectile dysfunction with Viagra. A pillbox was found in the 
room with several tablets of verapamil, trimetazidine, yohimbine and bromazepam. 

Sildenafil and yohimbine were screened with LC/MS and trinitrine with head space 
injection HS/GC/MS. Verapamil and trimetazidine were identified and quantified with 
LC/DAD [144]. 

A fast liquid chromatographic method with tandem diode array-fluorescence detection 
for the simultaneous determination of in total 17 opium alkaloids and opioids in blood and 
urine was presented by Dams et al. After solid-phase extraction, based on weak cation 
exchange, the extracts were examined by HPLC-DAD-FL. Furthermore, the dual detector 
system allowed to simultaneously perform a general (by diode array detection, for all opiates) 
and a more specific (by fluorescence detection, only nine opiates) analysis [145]. 

Fenarimol (Rubiganl) is a pyrimidine ergosterol biosynthesis inhibitor used as a systemic 
fungicide. Proenga et al presentd a fatal fenarimol intoxication case analysed in the Forensic 
Toxicology Service of the National Institute of Legal Medicine. The results were used to 
compare two different HPLC techniques, regarding selectivity and sensitivity: an HPLC 
system with a diode array detector (DAD) and an HPLC system with a DAD and a mass 
spectrometry detector with an electrospray interface, for the determination of fenarimol 
concentrations in liver, kidney and gastric content samples. Identification of the analytes was 
performed through spectral matching. 

In the HPLC chromatogram obtained from a postmortem liver specimen spiked with 
fenarimol followed by DAD detection at 225 nm. The UV spectrum of fenarimol and 
ethirimol was compared to a user-built library containing a standard spectrum of the same 
compound. 

The ability of DAD to provide information on peak homogeneity combined with mass 
spectral information such as the pseudo-molecular ion of the molecule simplifies the 
identification of unknowns and increases confidence in chromatographic peak identification 
[146]. 

Duverneuil et al proposed an original liquid chromatography method with photodiode- 
array detection (DAD) for the determination of strychnine in blood. A case report of fatal 
strychnine intoxication was reported to demonstrate the suitability of the method [147]. 

Clobazam (Castilliuml, Urbanill), a benzodiazepine often used as an anxiolytic and in 
the treatment of epilepsy, is considered a relatively safe drug. Proenga et al presented a fatal 
case with a 49-year-old female, found dead at home. She had been undergoing psychiatric 
treatment and was a chronic alcoholic. A high-performance liquid chromatography 
(HPLC)/diode array detector (DAD)/mass spectrometry detection (MSD) with electrospray 
method was developed in order to detect, confirm and quantify clobazam and its metabolite in 
the post-mortem samples [148]. 

Stoll et al developed a method for the detection of drugs of abuse in biological samples 
based on fast gradient elution liquid chromatography coupled with diode array spectroscopic 
detection (LC-DAD for screening samples for regulated intoxicants. The method proved that 
fast gradient chromatography can be used as an effective screening method for drugs of abuse 
in blood and urine [149]. 

Porter et applied the chemometric method of target factor analysis (TFA) to the 
chromatograms of reference 149. The ability to resolve highly overlapped peaks using the 
spectral data afforded by the DAD is what distinguishes the present method from 
conventional library searching methods. Herein LC-DAD was proved to be a fast and robust 
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method for screening biological samples in conjunction with a library search algorithm to 
quickly identify those samples that require confirmatory testing. Because a DAD can collect 
an entire spectrum at each time point in a chromatogram, the resultant data are information 
rich and more selective than single wavelength chromatograms. The LC-DAD screening test 
is fast enough that a second LC analysis on an “orthogonal” stationary phase would be quite 
feasible, which would further improve the selectivity of the method. The data obtained when 
using hyphenated instruments are multivariate data. A single LC-DAD experiment produces 
two way data. All chromatograms were collected on one of the fast LC-DAD systems 
described in Part I. Using the data obtained on the fast LC-DAD method described in Part I in 
combination with a TFA algorithm facilitates the identification of those samples that require 
confirmatory testing [150]. 

5.8.1. Ink Analysis-Ink Dating 

The discrimination of different ink components is of great interest in forensic science. 
Authenticity and ink dating have occupied scientific interest for many years. However, the 
questions have not yet been fully answered.The composition of inks is complex. Except for 
the dyes other materials such as solvents (or carriers), fatty acids, resins, surface active 
agents, corrosion control ingredients, or conductivity salts may be present. Dyes used as 
coloring materials for inks include different classes as defined by the Color Index. The ability 
to determine the date when a document was written would be a major breakthrough in 
forensic science. Many efforts have been expended to determine the actual age of a document 
by examination of the ink. The exact determination of the absolute age of a document by 
examination of the ink has been the subject of several studies since more than 30 years. 
However, the results obtained have not been very promising. The most successful of these 
include the effect of time on the relative solubility of the ink in different solvents, changes in 
the relative concentrations of dyestuffs and solvents in the ink as determined by 
chromatographic and or spectroscopic methods and changes in the IR absorbance spectrum of 
the ink over time. Initially, methods of ink dating aimed to detect backdating by proving that 
the ink entry on the document was not available at the time that the document was written. 
Later on, attempts were made for the absolute or relative determination of age of writing. 
Several factors are supposed to affect the written line. Among them are the pen-mechanism 
and ink, writing speed, point load, writing angle, writing direction, and writing surface. 
Except for the first, all others are controlled by the writer. Moreover, storage lighting 
conditions might cause differences even with entries of the same age. 

Samanidou et al applied an HPLC-PDAD Method for the identification of ballpoint pen 
ink components (blue violet, fuchsin, pararosaniline, crystal violet, and victoria blue) study of 
their decomposition on aging for forensic science applications the method can be used in 
order to characterize ink entries from different suppliers over different time intervals [151]. 

5.9. Environmental Analysis 

PDA detector meets to a great extent the requirements needed for environmental samples, 
which are usually characterized by extremely low concentrations, a wide polarity range of 
complex matrices. 
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Lacorte et al used DAD for the monitoring of of terbuthylazine in river water. 
Identification was by retention time and spectral comparison with a library search. One of the 
main advantages of the system was that allowed the results to be confirmed by retention time 
and by comparison with data in a library, without having to use more sophisticated techniques 
such as MS [152]. 

Fernandez-Alba et al applied HPLC-DAD to the determination of a selected group of 
insecticides and fungicides in ground water samples [153]. 

E. Rodriguez et al applied HPLC/DAD to the determination of the pesticide 
diflubenzuron (DFB) and its main metabolites: 2, 6-diflurobenzamide (2,6- DFBA), 4- 
chlorophenylurea (4-CPU), 4-chloroacetanilide (4-CAA), 4-chloroaniline (4-CA) and N- 
methyl-4-chloroaniline (NM-4-CA) in forestry matrices. The DAD detector was set at 245 
and 260 nm, where the compounds show secondary maxima of absorbance which do not 
interfere with the matrix. 

DAD takes advantage of the possibility that the software of this equipment offers to make 
an accurate chromatographic diagnosis by evaluating match factors of peak purity and 
identifying the peaks by spectral analysis [154]. 

Liquid chromatography with photodiode array detection (LC-DAD) and liquid 
chromatography with mass spectrometry (LC-MS) are two techniques that have been widely 
used in monitoring pesticides and their degradation products in the environment. Jeannot et al 
in their study, compared these methods for the multi-residue analysis of forty-eight pesticides 
belonging to eight different classes (triazine, amide, phenylurea, triazole, triazinone, 
benzimidazole, morpholine, phenoxyalkanoic), along with some of their degradation 
products, which were monitored on a regular basis in the surface waters collected from the 
central and southeastern regions of France, and from the St. Lawrence River in Canada. There 
was good correlation between the LC-DAD and LC-MS techniques for 60 samples [155]. 

Garrido Frenich et al described the use of HPLC-DAD for analysing and sampling 
imidacloprid and its metabolite 6-chloronicotinic acid in greenhouse air. Diode-array 
detection (DAD) provided spectral confirmation capability required to eliminate false 
positives [156]. 

As with many other pesticide metabolites, high-performance liquid chromatography is 
needed for the analysis of chloroacetanilide herbicide metabolites because they are ionic 
compounds and are not sufficiently volatile for analysis by gas chromatography. HPLC-diode 
array detection/DAD is very useful in determining metabolite concentrations, especially when 
the water sample is relatively free of humic materials and ionic surfactants that can cause 
chromatographic interference. Hostetler and Thurman applied HPLC-DAD to the analysis of 
chloroacetanilide herbicide metabolites of ethanesulfonic acid and oxanilic acid metabolites 
of alachlor, acetochlor, and metolachlor in surface water and ground water. Information about 
the fate and transport of the chloroacetanilide herbicides alachlor, acetochlor and metolachlor 
in water can be acquired from the analysis of field-runoff water and ground water from 
nearby wells. The method also can be useful for water-quality determinations and analytical 
verification in toxicological studies [157]. 

Lopez de Alda and Barcelo used DAD for the determination of six estrogens (17b- 
estradiol, estriol, estrone, ethynylestradiol, mestranol, and diethylstilbestrol) and four 
progestogens (progesterone, levonorgestrel, norethindrone and ethynodiol diacetate) in 
several types of water bodies, including sewage influents and effluents, surface water and 
drinking water. Diethylstilbestrol and levonorgestrel, and ethinylestradiol and estrone, are 
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partially coeluted, making it difficult to use the UV detector. All steroid hormones as well as 
the synthetic analogues have in common the cyclopentanophenanthrene nucleus. With the 
exception of diethylstilbestrol, which is a non-ster oidal compound, all analytes possess one 
methyl group (an ethyl group in the case of levonorgestrel) at position C-13, one or two 
substituents at position C-17, and an oxygen atom in the form of either a hydroxyl group or a 
carbonyl group, at C-3. However, estrogens and progestogens differ in their ring. A structure, 
which is fully unsaturated (aromatic) in the former whereas in the later has only one alkene- 
ype double bond (C=C) at 4.5-position, and this difference is responsible for their distinctive 
UV spectra [158]. 

Martins et al used HPLC-DAD to study the degradation and ecotocity of sulfonylurea 
herbicide rimsulfuron and its major metabolites in batch samples of an alluvial sandy loam in 
freshwater. The method was adapted to simultaneously identify and quantify rimsulfuron and 
its metabolites. The chemicals were identified with a DAD on the basis of their UV spectra 
[159]. 

Papadoyannis et al applied DAD to the determination of anthracene and its oxidation 
products, anthraquinone, and 1-hydroxyanthraquinone in surface waters river and lake water 
samples from Northern Greece [160]. 

Bobeldijk et al used DAD for the identification of environmental pollutants e.g. 
pesticides, like phenylurea herbicides, in raw surface water as well as infiltrated and drinking 
water [161]. 

Filipkowska et al applied DAD to the determination of Polycyclic Aromatic 
Hydrocarbons (PAHs) in marine samples of various types, i.e. seawater, sediment and mussel 
homogenate samples [162]. 

Gatidou et al proposed HPLC-DAD for the simultaneous determination of two 
antifouling booster biocides, diuron (l-(3,4 dichlorophenyl) 3,3 dimethyl urea) and irgarol 
1051 (2-methylthio-4-fer^-butylamino-6-cyclopropylamino- l s , -triazine), and their metabolites, 
DCPMU (l-(3,4 dichlorophenyl)-3 methyl urea), DCPU (l-(3,4 dichlorophenyl) urea), DCA 
(3,4 dichloroaniline) and Ml (2-methylthio-4-fer^-butylamino- l s , -triazine) in seawater. The 
identification of the six substances in the samples was accomplished on the basis of their 
retention times and by comparison between the UV spectrum of the compounds in the 
standard solutions and the UV spectrum of the detected peak in the sample. A match equal or 
higher than 99% was fixed to confirm identification between both spectra for all the 
compounds [163]. 

Sanchez-Ortega et al used LC-DAD for the analysis of the insecticide fenitrothion and its 
two main environmental metabolites, fenitrooxon and 3-methyl-4-nitrophenol metabolites in a 
water matrix [164]. 

Benito-Pena et al developed a novel and simple method for the simultaneous 
determination of beta-lactam antibiotics (BLAs) (penicillin G, amoxicillin, ampicillin, 
penicillin V, oxacillin, cloxacillin, dicloxacillin and nafcillin) in wastewater by HPLC-DAD 
[165]. 

5.10. Fuel 

HPLC analysis methods for the separation of crude oils and oil fractions into component 
groups (saturates, aromatics, polars) are widely used. Varotsis et al investigated the 
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applicability of the evolving factor analysis (EFA) in the characterization of the non-saturated 
fraction of petroleum mixtures by high performance liquid chromatography coupled with UV 
diode array detection (HPLC-UV-DAD). EFA was used to interpret the signal obtained from 
the analysis of fluids, the aromatic peaks of which overlap to a great extent. 

The EFA method provides satisfactory estimations of the spectra patterns present in the 
ultraviolet diode array detection (UV-DAD) signal, as well as of the elution profiles of the 
components. The data matrix produced by a UV-DAD consists of rows and columns which 
store the spectra taken at different times and the chromatograms measured at different 
wavelengths respectively. It can be reproduced by multiplying the spectra patterns by the 
concentration profiles. The mathematical basis for the spectrum pattern identification is the 
singular value decomposition of time segments in the original data matrix. Each singular 
value corresponds to a different pattern present in the current time segment. This analysis has 
already been applied successfully for the peak purity control in HPLC by identifying the 
presence of irrelevant spectra patterns which correspond to the impurities 9-11. It can also 
provide an estimation of the impurity concentration in the original sample. 

The EFA method was firstly applied to the UV-DAD signal obtained from the HPLC 
analysis of a synthetic mixture prepared from three aromatic components. The 
chromatographic conditions were selected so that the eluted components strongly overlapped. 
The developed method determined both the initial and final elution times of each component. 
These times were subsequently used to deconvolve the UV-DAD signal of the mixture in 
three clearly defined elution profiles and to perform quantitative analysis. 

Subsequently, the method was applied to the UV-DAD signal obtained from the analysis 
of lubricant base oil [166]. 

Kaminski et al developed an HPLC-DAD methhod for the determination of class 
composition of gasoline and its components including saturated hydrocarbons, alkenes and 
aromatic compounds in gasoline meeting modem quality standards. A DAD signal integrated 
over the 207-240 nm range was used to determine alkenes. This eliminates the necessity of 
separating alkenes from saturates, because the latter do not absorb UV radiation above 200 
nm. The content of aromatic hydrocarbons is determined by means of a refractive index 
detector [167]. 


6. Conclusion 

The PDA detector is generally considered as the most versatile and useful detector for 
everyday use in liquid chromatographic analysis. It provides UV spectra of eluting peaks in 
addition to monitoring the absorbance of the HPLC eluent. It is the detector of choice for 
method development and for monitoring impurities. Low sensitivity which was conidered to 
be a drawback in earlier models has been improved significantly in recent years. So, modem 
PDAs have sensitivity performance close to the benchmark level of ±1 X 10 5 AU for UV/Vis 
detectors. Further sensitivity enhancement is due to the advanced flow cell design using fiber- 
optics technology to extend the path length without increasing noise or chromatographic band 
dispersion. This type of flow cell is especially important in micro HPLC for samples of 
limited availability. Another noteworthy development is a programmable slit design, which 
allows the user to select for either high detector sensitivity (wider slit) or high spectral 
resolution (narrower slit) [6]. 
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The diode array detector is likely to continue as the ‘workhorse’ detector for liquid 
chromatography for many years to come. The design of the PDA detector has changed over 
the last decade and its performance has been only significantly improved especially when 
compared to single UV detectors. Changes that may appear likely in the future, concern 
improved sensitivity and cell design. In addition, software has been designed to evaluate peak 
purity with diode array-generated data. 

Before the introduction of the DAD in HPLC analysis, mass spectrometry was the sole 
domain in peak identification for gas or liquid chromatography (GC-MS or LC-MS). This can 
now be achieved as part of the HPLC analysis and at a lower cost. Benefits of LC-MS are 
provided at lower cost. However integrated PDA with Mass Detector enforces PDA benefits, 
enables PDA peak purity to investigate peak homogeneity UV and mass spectral information 
to be used from the same run for positive compound identification UV monitoring of 
separation for diagnostic purposes and quantitation. 

Taken all the above into consideration is perfect justified why there are numerous 
applications of HPLC-DAD in all analytical fields. 
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Abstract 

This chapter presents the main characteristics and properties of photodiodes, discussing also 
their applications in the Textile Industry and Biomedicine. 

In the Textile Industry photodiodes can be used to characterize both yam diameter and 
hairiness using a coherent optical signal processing technique based on Fourier analysis. The 
characterization of the degree of hairiness using a high-pass spatial Fourier filter introduces 
several advantages in the hairiness measurement compared to other conventional approaches. 
These advantages include a signal reference for 0 % yam hairiness, the elimination of 
contributions from the yam contours, a measurement technique which is largely independent 
of the specific yarn diameter, yam shape or orientation in the plane perpendicular to the 
optical axis. On the other hand, a reliable measurement of yarn diameter can be made using 
the same optical set-up but employing a low-pass spatial filter to eliminate yarn hairiness 
contribution, increasing the final measurement precision. In both measurements, a single 
projection direction is sufficient for a correct characterization, as both hairiness and yam 
irregularities tend to be uniformly distributed over a full rotation of the yarn. These 
characteristics are fundamental for a reliable and precise characterization of yam, introducing 
a superior level of yarn parameterization in Textile Industry. 

In Biomedicine photodiodes can be used, as the detection element, in biochemical 
analysis of body fluid samples based on spectrophotometry (interaction of electromagnetic 
radiation with biochemical compounds). They can be used to read the light intensity that is 
absorbed, emitted or reflected by a sample and therefore determine the concentration, activity, 
amount and structure of a compound. They can also be used in CMOS (Complementary 
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Mosfet Oxide Semiconductor) imagers for X-ray detection or for being integrated in 
endoscopic capsules. They benefit from their wide availability, reduced component and costs 
and, more importantly, the capacity to accommodate multi-functional circuitry on-chip, all 
functions available in CMOS processes. All these applications take advantage of the fact that 
absorption of light in silicon and other semiconductor materials is wavelength dependent, 
which causes the penetration depth of light to be wavelength dependent. Therefore, selecting 
both the suitable junction depth and the oxide layers on top, photodiodes can be programmed 
to have their quantum efficiency increased at a particular wavelength. 


Introduction 

Regarding yam hairiness determination, a coherent optical signal processing technique 
based on Fourier analysis to characterize yam hairiness using a singular projection has been 
developed[l]. This approach overcomes the drawbacks of other methods as it employs a 
signal reference for 0 % of yam hairiness, it does not consider yam contours, the optical 
configuration is not dependent on the hairiness orientation and the yarn diameter, the shape 
and alignment are not relevant as there is a considerable safe area of detection in the 
implemented hairiness sensor. Moreover, the signal obtained is proportional to the overall 
integrated length of hairs. These characteristics are fundamental for a reliable and precise 
characterization of yam hairiness. Although one might think that a full hairiness classification 
should require several different and simultaneous projections, it was verified that, as hairiness 
is randomly distributed over the yam, there is a high probability, considering the length of the 
yam analyzed in a test, that on average, the amount of hairiness is uniformly distributed over 
a full rotation of the yam; it was confirmed that the results obtained using two orthogonal 
projections give nearly identical results. As a consequence, a single projection is sufficient for 
the correct determination of yam hairiness. 

Following the analysis of the techniques employed by commercial systems for yarn 
diameter variation determination, it was observed that all systems include the yam hairiness 
in the diameter measurements [1], leading to higher diameter values. To overcome this 
drawback, like in the hairiness determination approach, it was used a coherent optical signal 
processing technique based on Fourier analysis to characterize yam diameter using a single 
projection. This method filters the yarn hairiness using a low-pass spatial filter, increasing the 
measurement precision. A signal proportional to the yam diameter is also obtained. 
Moreover, as in hairiness measurement, the study undertaken shows that the results obtained 
using two orthogonal projections give nearly similar results and as a consequence, a single 
projection is sufficient for the correct determination of diameter variation. Likewise, it was 
used a laser source in order to define a linear saturation zone with high directionally which 
enables a superior system sensibility. The use of an incoherent light source would 
compromise these assumptions. 

The biomedical sector is nowadays extremely dynamic and where the novelty is a 
strategic and operational imperative. The possibility of increasing the quantity and quality of 
clinical analysis, performed with instantaneous results and outside the clinical laboratories, 
contributes to a better quality in the health care services and also a better efficiency in the 
clinical and administrative processes [2]. The biomedical sector is under pressure to provide 
better service at a lower price. Therefore, more cost-efficient practices are needed. One of the 
places to improve the efficiency is at the physician’s office. When the physician is confronted 
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with an ill patient he will start looking for symptoms. However, when these symptoms lead to 
a wrong diagnosis, there is a problem for the physician, the patient and the society. A wrong 
diagnosis can lead to a wrong treatment that ultimately brings further harm to the patient and 
increases society expenses. The best way of increasing the diagnosis quality is to give the 
physician more precise information about the state of the patient. Presently, this information 
is often based on the measurement of biochemical substances in body fluids, such as blood, 
urine, cerebrospinal fluid and saliva. Most diseases leave a molecular fingerprint in those 
fluids and by measuring that fingerprint in the right way, the precision of the diagnostic can 
be increased [2]. Usually, this kind of analyses is carried out in clinical laboratories and the 
results become available after several hours, sometimes days. As a consequence a reliable 
diagnosis cannot be performed within the consultation time. Mistakes in the logistics, such as 
lost samples and mislabelling, may further delay the diagnosis. The automated equipment 
used in a state-of-the-art laboratory reduces errors, but use high sample and reagent volumes, 
making the analysis systems expensive and does not contribute to patient comfort. Outside 
the laboratory environment, reagent strips for colorimetric detection are commercially 
available. They provide a colour when a fluid sample contacts the strip. However, such strips 
are intended for a limited set of substances to be analyzed and provide a qualitative result in 
the form of colour readout (by visual inspection). 

The need for rapid and on-line measurements with low sample volumes has led to the 
development of lab-on-a-chip devices with the fluidic, detection and readout systems 
integrated in a single chip. The great interest in lab-on-a-chip technology stems from the 
inherent performance gains that arise when most analytical systems are downsized to the 
micron scale. The advantages associated with shrinking clinical analyses systems include: 
reduced sample size, higher degree of integration and hence enhanced potential for 
automation, shortened response time, potential for improved analytical performance, reduced 
chemicals storage and hence laboratory safety and a considerable reduction in the samples 
handling, logistics and costs [3]. 

Regarding biochemical analysis of body fluids samples, it was developed an on-chip 
integrated CMOS optical detection microsystem for being used in lab-on-a-chip devices, 
especially in the measurement of several biochemical substances in body fluids by 
spectrophotometric analysis [4-8]. Its measurement is based on colorimetric detection by the 
optical absorption in a part of the visible spectrum defined by the reaction of the specific 
biochemical substance with a specific reagent. The device was designed to be integrated in a 
lab-on-a-chip device, allowing low-cost instantaneous results at any location, with small 
quantities of reagents and samples. To fulfil those requirements, the highly accurate optical 
detection microsystem includes photodiodes, programmed to have their quantum efficiency 
increased at a particular wavelength, and a light-to-frequency converter for readout, both 
fabricated using a standard CMOS process. Signals proportional to the intensity of the light 
transmitted through the fluid are available at the output in the form of bit streams, which 
allows simple computer interfacing. This microsystem avoids the need of expensive readout 
optics and opens the door to low-cost disposable devices. 
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Textile Industry: Yarn Hairiness Measurement 

This section describes the methodology employed to characterize yam hairiness based on 
a single photodiode considering a coherent signal processing technique. Here are reported the 
electronic and optical setups for a single direction projection, the system calibration 
procedure, the development of the non invasive minimum statistical reference method and 
finally the yam hairiness determination considering two orthogonal directions. The results 
obtained during the referred studies proved that, using a singular projection, it is possible to 
obtain a reliable characterization of yam hairiness. 


Development of One Direction Projection Hairiness Analysis Methodology 

In this approach a pair light emitter (laser)/receiver (photodiode), with an optical setup, is 
employed for yarn hairiness analysis using a coherent optical signal processing technique 
[1][9-17]. Using this procedure, a dark and red image is created in the final image plane, 
where the red contrast gives information about the yarn hairiness and can easily be converted 
in an electrical signal (current intensity) by a photodiode. 

This method quantifies with high accuracy, the mass variation (%) caused by hairiness, 
considering as reference, the yam mass linear density. This is a very precise method as it is 
not influenced by the yam position, considering a linear range measurement field, as will be 
demonstrated later in this section. However, this method is more expensive and complex than 
the LED/photocell method, in spite of being more efficient and accurate. 

Optical and Electronic Hardware 

The experimental determination of hairiness requires an electronic and an optical rig. In 
the electronic hardware, a photodiode (S1227-1010BR) [18] from Hamamatsu was chosen as 
a receiver. It is a low cost photodiode, with a high sensitivity for red wavelengths (for the 
emitter used, laser, 0.39 A/W), a large active measurement area (10 mm x 10 mm), a low dark 
current (maximum of 50 pA), a high shunt resistance (2 GQ), a noise equivalent power (NEP) 
of 3.1 xlO" 15 W/Hz 12 and a low terminal capacitance (3000 pF). A conditioning circuit was 
designed. It includes a current to voltage (I-V) converter (transimpedance amplifier) and an 
instrumentation amplifier [19] to eliminate the offset and the noise, introduced by the 
operational amplifiers of the circuit. The instrumentation amplifier output is connected to an 
analogue channel of the data acquisition board and the software developed in Lab VIEW 
from National Instruments [20] was used to acquire and process the data (Figure 1). 



Figure 1. First approach of the electronic setup for the hairiness determination system. 

Figure 2 presents the first approach to the optical system for the hairiness determination. 
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Figure 2. First approach of the experimental setup of the optical system. 

The objective of this setup is to quantify yarn hairiness, as the brighter elements of the 
final image (I) (position of the photodiode PD). The setup includes the optical devices needed 
to obtain the image of yarn hairiness placed in the object plane (O). Coherent light from a 
helium-neon (HeNe) laser from Mells/Griot with 15 mW of output power, emitting at a red 
wavelength of 632.8 mm is first spatially filtered by a diaphragm (D), with an aperture of 
1.25 mm limiting the laser beam to its core, guaranteeing a smooth transverse spatial profile. 
After the diaphragm, the laser beam passes through a two plano-convex lens beam expander 
telescope (LI and L2 with a focal length of 60 mm) to produce a beam diameter of roughly 1 
cm which is then directed to the yam placed in the object holder (O). The size of the object 
image is controlled by the plano-convex lenses, L3, that have a focal length of 65 mm and 
which obtain a spatial Fourier transform of the object in its principal focal plane, and L4 with 
a focal length of 60 mm. By placing a custom fabricated spatial filter (F) in the Fourier plane 
of L3, we can select which spatial frequencies in the image are allowed to propagate to the 
detector. A filter with roughly 1 mm of opaque target (F) placed in the Fourier plane, blocks 
all spatial frequencies below 11 mm" 1 , corresponding to a characteristic size of 91 microns or 
larger in the object plane. Textile yams typically have diameters ranging from a few hundred 
microns up to millimetres, while the small hairs protmding from the yam are single fibres 
with diameters typically less than 10 microns. As there is a clear separation in the 
characteristic length scales of the yams, this filter allows only the high spatial frequencies in 
the image to propagate further. Essentially, this is a high-pass spatial Fourier filter 
[10][11][13][21] (Figure 3). 



Fourier Plane Without Filter 



Fourier Plane With High- Pass 
Spatial Filter 


a) b) 


Figure 3. Application of the high-pass spatial filter in the Fourier plane. 
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Observing Figure 3 a), it is verified that the Fourier plane resulting from the yam is a well 
defined circular point of light, where the spatial frequency distribution varies from the centre 
(low spatial frequencies) to the outside (high spatial frequencies). The use of the high-pass 
spatial filter (opaque circular filter, to block the area of the Fourier plane where are the low 
spatial frequencies Figure 3 b) results in the contours of the edges of the yam and associated 
hairs being highlighted while simultaneously eliminating the constant background (Figure 4 a 
and b) associated with the portion of the laser beam that was not obstmcted by the sample. 
Through this method a higher portion of the processed optical signal is associated with the 
presence of yarn hairs [22]. 



Figure 4. Figure a) and b) present the image of the yam without and with the application of the high 
spatial frequency optical filter, respectively. Figure c), corresponds to a photograph of the same yam 
using the optical filter, but in this case the hairiness was greatly reduced by wetting the yam with water 
and by increasing the exposition time of the digital camera. 

In Figure 4 a), it is difficult to identify yam hairiness, because they are very thin, 
compared to the yam. The resulting shadows are lost as a background in the high intensity of 
the unobstmcted laser beam. Figure 4 b), taken using the same section of yam but employing 
the coherent optical filter, clearly highlights the previously hidden yarn hairiness. Figure 4 c) 
is the yarn image, using water droplets to smooth the yam hairiness. By doing this, the optical 
effect of the yam itself is seen, without the visualization of the yam hairiness. In fact, the 
signal from the yam itself, in the absence of hairiness, is much reduced - the exposure time 
was increased significantly to obtain the image. These preliminary tests showed that it was 
possible to develop an automated, robust and precise, hairiness measurement procedure. In 
addition, regarding hairiness analysis, there is a relation between the dimension of the filter 
employed in the setup and the frequency limit allowed. A technique to calibrate this signal, 
allowing the determination of the ratio of hairiness mass compared to yam mass, should be 
taken into consideration. 

In order to obtain a voltage proportional to the brightness of the final image, a 
conditioning circuit was developed for yarn hairiness quantification. A high precision current 
to voltage converter based on a Burr-Brown [23] operational amplifier OPA277P was used 
(Figure 5). Some of the main features of the operational amplifier are: ultra low offset voltage 
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(10 juV), high open-loop gain (134 dB), high common-mode rejection (140 dB), low bias 
current (1 nA maximum) and a bandwidth of 1 MHz. 



Figure 5. Transimpedance amplifier. 

As the operational amplifier offset and dark photodiode current are extremely low, they 
can be neglected, compared to the signal magnitude involved in the system. This particularity 
allows one to eliminate the instrumentation amplifier from the conditioning circuit as initially 
designed . Moreover, provided that the saturation of both the photodiode and the operational 
amplifier are avoided, a direct proportionality can be obtained between the photodiode current 
and the output voltage by (1). 


V 


Rload 


= -R.I 


photodiode 



Subsequently, the output of the transimpedance amplifier is read by an analogue channel 
of the USB-6251 Data Acquisition Board (DAQ), from National Instruments [20]. Some of 
the main features are [24]: 


16 bit of resolution; 

Maximum acquisition rate of 1.25 MS/s; 
Maximum range of ± 10 V; 

A ± 1 least significant bit (LSB). 


• • • (§) * 

A custom software application was developed in Lab VIEW to manage and acquire the 

data obtained from the output of the transimpedance amplifier [21]. Figure 6 presents the final 

schematic of the developed electronic yam measurement hardware. 



Figure 6. Custom developed electronic yam measurement hardware. 

The measurement hardware causes a significant variation of the yarn signal with and 
without hairiness and without yarn, establishing three well defined voltage levels and 
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allowing one to infer yam quality, considering hairiness. However, to assure a higher 
measurement precision, a polarizer in the optical setup was included before the image plane. 
This optical device reduces significantly the voltage without yarn (DC component), 
increasing subsequently the absolute variation between the three signals levels identified [25]. 


Hairiness Measurement Length Calibration 

This section describes the methodology employed to obtain the signal output voltage 
associated with the length of hairs, in order to establish a calibration reference value for the 
hairiness module. 

Experimental Procedure 

This study was performed isolating one single hair in the yarn with a diameter of 0.64 
mm (Figure 7) [21]. 



Figure 7. Hair isolation. 

To isolate the hair silicone was used to eliminate all the other yam hairs. Silicone was 
used instead of water to avoid the problem associated with drying, which would have allowed 
undesired hairiness to appear during the test. 

The isolated hair was stretched and oriented perpendicular to the yarn. However, to 
ensure that the signal received by the photodiode was due to the hair itself, a “window” was 
built using an opaque card placed in front of the photodiode. The “window” was positioned to 
block the signal from the yarn’s borders. It was observed that this signal became enhanced 
due to the light scattering from the silicone (high refractive index). The “window” used had 
an adjustable aperture, to allowing one to measure the variation of the output voltage as a 
function of the hair length (Figure 8). 



Figure 8. Window aperture in the maximum position. 
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The hair had an actual length of 2.67 mm. The projection of the hair on the photodiode 
had a length of 1.50 mm. This means that a 44 % reduction of the actual hair length occurred 
due to the optical elements needed to image the signal on the photodiode. 

The measurement process was performed reducing the aperture in steps of 250 pm. 
Starting with the window fully opened and then gradually reducing the aperture until it was 
fully closed, seven separate readings were obtained. Afterwards, the hair was taken out and 
the window was gradually opened to register the background signal at each aperture setting, 
which was then subtracted from the corresponding values obtained with the hair. The 
operational amplifier offset signal (value measured with no light signal) was also subtracted 
from all measurements. . 

Experimental Results 

Figure 9 presents the results obtained considering the previously described procedure. 



Hair length (mm) 


Figure 9. Measured results for system calibration. 



Hair Ielight (min) 


Figure 10. Linear correlation for final output. 
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A linear correlation for the final curve (Output-Without Hair-Offset) was tested (Figure 
10). The determination coefficient (R 2 ) is close to the unity and it is possible to reliably claim 
that the signal obtained from a single hair is directly proportional to its length. In fact, the fit 
allows one to calibrate the system. In this case the output signal (y) is related to the hair 
length (x) by the expression y = 0.1054x, which implies that for each millimetre of hair 
length, the output increases by 105.4 mV for the gain used in these tests. 

As the system calibration fit presented in Figure 10 was determined for a specific yam 
(295.00 g/km - 0.64 mm), its reliability has to be assured when using other yams. This 
analysis was carried out observing 50 pm electron microscope pictures of several yarns 
(Figure 11). 


19.67 g/km yam (0.16 mm) 


36.88 g/km yam (0.22 mm) 


48.44 g/km yam (0.26 mm) 





49.17 g/km yam (0.26 mm) 


62.00 g/km yarn (0.29 mm) 


295.00 g/km yarn (0.64 mm) 





Figure 11. Yams electron microscope pictures. 

The individual cotton fibres are not round, but rather ribbon-like with a cross-section that 
can be much smaller in one direction. However, the linear mass of each fibre should be 
approximately uniform. The method of detecting hairiness is not sensitive to the actual cotton 
fibre diameter (as should be the case in the methods based on diffraction). 

Regarding the variation of hair diameter (fibres) between the yarns tested and even in the 
same yam, it is observed that they present very small variations (only a few microns) (Figure 
11). Subsequently, their influence (opacity) comparatively to the influence of the hair length 
can practically be neglected. So, the study performed can be used as a correlation between the 
hairiness length and the system output voltage. 

Minimum Statistical Reference Method 


This section presents the algorithm to statistically determine the yam reference value. 
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Method Description 

As stated before, the water droplets reference method is simple to implement and does 
not cause extra hairiness. Nevertheless, with the addition of water, there is a slight increase of 
the scattering level of the yam. Also, it needs to be performed offline, which implies stopping 
the yarn test. So, a new mathematical method was developed: the minimum statistical 
reference [26]. 

This method is based on the fact that, if the yarn is analyzed using samples of 1 mm, even 
for hairy yams, a considerable number of observations will correspond to sections of yam 
without hairiness. Figure 12 presents an electron microscope picture that confirms this 
statement for a particular case of a yarn with rather high hairiness. It is possible to verify that 
there is a 1 mm length region where no hairiness is observed. 



Figure 12. Example of an image showing a region of 1 mm length without hairiness. 

2 

As the photodiode used has a signal area more stable (9x10 mm ) and it was intended to 
measure yarn samples of 1 mm length, a mask using an opaque card, with a 9 mm x 1 mm 
aperture was built and placed in front of the photodiode (Figure 13). Using this configuration, 
measurements in steps of 1 mm could be performed. 



Figure 13. Photodiode mask. 

The algorithm for implementing the statistical reference method consists of: 

1. Determine the minimum value, the average value and the standard deviation 
(SD), of all samples; 

2. Determine the number of 1 % increases, step by step, above the minimum to 
reach the average value; 

3. Determine, for each increase up to the average, the number of samples and their 
values, in the interval [minimum; increased value]; 
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4. Determine the average value of the elements which belongs to each tested 
interval and their corresponding standard deviation; 

5. Calculate the median of the average values obtained in step 4, the step where it is 
located and also the inferior median and superior median. 

6. If the yam tested has: low level of hairiness (SD < 0.1) - the reference is the 
linear interpolation between the superior median and the average; high level of 
hairiness (SD > 0.2) - the reference is the inferior median; medium level of 
hairiness (SD >0.1 and SD < 0.2) - the reference is the superior median. 

This procedure was designed to obtain reference values similar to those obtained using 
the water method. To do so, it was necessary to divide the interval of steps at the median 
point into lower and upper segments. We refer to the median of the lower interval as the 
inferior median, while the superior median is the corresponding value of the upper segment. 
Afterwards, a software application using the described algorithm was developed. 

Method Validation 

To validate the method, we performed a test using a 100 % cotton yam with a linear mass 
of 4.20 g/km which is characterized by a very low level of hairiness (Figure 14). 



Figure 14. Image of an 100 % cotton yam with a 4.20 g/km linear mass. 

The total yam length tested was one metre; water droplets were added to eliminate the 
hairiness in the first 20 cm and no alteration of yam was performed over the last 80 cm. The 
objective of the test was to verify that the signal levels measured in the first part (reference 
with water droplets), are reproduced in some parts of the last 80 cm (similar to the reference 
with water droplets). The main parameters of the acquisition module were: yarn speed of 6 
m/min, yarn length of 1 m and sample length of 1 mm, which corresponds to an acquisition 
frequency of 100 Hz. Figure 15 presents the acquired signals. 

Figure 15 shows that the amplitude values measured in the first 20 cm of the yam 
(corresponding to the reference level using water droplets) are reproduced several times in the 
following 80 cm of yarn. These sections correspond to zones without hairiness, showing that 
using the statistical reference method it is possible to obtain a valid reference value. 

After confirming the viability of the reference method, 6 m of six different 100 % cotton 
yams were analyzed. The other input parameters were not altered. Table 1 lists the linear 
mass (g/km) and the theoretical diameter (mm) [27] [28] for each yam tested. 
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Figure 15. Analysis of 1 m of the 4.20 g/km yam in samples of 1 mm - first 200 mm using the water 
droplets reference method. 

Table 1. Description of the yarns used in the test 


Yarn linear mass (g/km) 

Yarn theoretical diameter (mm) 

4.20 

0.08 

19.67 

0.16 

36.88 

0.22 

49.17 

0.26 

62.00 

0.29 

295.00 

0.64 
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Figure 16. Reference methods comparison. 
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For each test, the output signal without yarn (0.14 V) was deducted from the original 
signal. Subsequently, a comparison between the water reference method (using droplets to 
smooth the hairiness) and the minimum statistical reference was performed using exactly the 
same section of yam, for each of the yams tested. Figure 16 presents the results obtained. 

Observing Figure 16, it is possible to state that the water references are very similar to the 
minimum statistical references. In all cases the difference between the two methods is less 
than the uncertainty (SD) associated with the water method. So, the method can be considered 
as a reliable and convenient reference procedure. 

The minimum statistical reference method showed reliable and consistent results. It is a 
non invasive procedure, as opposed to the water reference method. Moreover, the 
determination of the reference does not require stopping the line test, as it can be 
implemented online. These two important advantages allow establishing this method as the 
most consistent and suitable for hairiness analysis, in comparison to the water droplets. 


Orthogonal Projections Directions Statistical Analysis 

This section presents the studies undertaken to support the characterization of yam 
hairiness analysis using a single direction projection, based on the statistical similarity 
obtained between orthogonal projections directions. 

Mathematical Description 

As verified in the previous sections, it was possible to develop and implement a reliable 
and valid system which measures yam hairiness. However, this hairiness determination is 
performed only in a single projection direction and a full 360° yam hairiness analysis requires 
several different projection directions. But, an open question remains as to whether it is 
possible to obtain a valid characterization of the yam properties using a single projection 
direction [29]. 



Figure 17. Example of the absolute cosine signal, resulting from a 360° projection of one straight hair of 
length /, using a single photodiode. 
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Considering a single coherent imaging system, if a yam containing a single straight fibre 
hair of length /, thrusting out from the core is rotated over 360°, an absolute cosine signal with 
amplitude of the length of the hairiness is obtained (Figure 17). 

Essentially, the system would record a signal proportional to the cosine of the angle 
between the direction of the hair fibre and the plane perpendicular to the incident light 
direction. Maximum projections are obtained at orientations referenced by 1, 3 and 5 in 
Figure 17. In contrast, a minimum signal would be obtained for orientations referenced by 2 
and 4, when the hair is aligned along the incident light’s propagation direction (the hair is not 
projected into the photodiode). 

Mathematically, for an arbitrary direction of a given hair segment, the signal S1 recorded 
by a photodiode PD1 will be proportional to the absolute cosine of the hair’s direction (2). 

5j - /|cos(0)| (2) 

For an arbitrary hair orientation, the signal acquired by a single photodiode corresponds 
to the following average (3). This signal is calculated between 0° and 90° (tt/ 2), as in this 
angular range the full amplitude variations of the sampled signal are then repeated over the 
following 270°. 



I- \cos{6)de=— [sin(^)]; /2 = — *0.64/ 

71 * 71 71 



A similar calculation also holds for the hairiness detected by a photodiode in the 
orthogonal direction of the first photodiode. On average, assuming a random distribution of 
protmding hairs, the total amount of hairiness (S t ) will be nil (1 / 0.64) times larger than that 
detected along a single projection (4). 


S t =—S l «l.57S l (4) 

3 

Provided the distribution of protruding hairs is random in direction and the area of 
“intersecting hair projections” is negligible, the above relation should always prove valid. 

Yarn Hairiness Characterization 

This section is focused on obtaining the yam hairiness characterization using only one 
direction projection. A test, considering two photodiodes oriented along orthogonal directions 
is undertaken to allow a correlation analysis between both acquisition results. 

A double coherent imaging setup was implemented to characterize the yarn hairiness 
simultaneously along two orthogonal directions. In this case, if a second coherent imaging 
system is placed along a direction orthogonal to the first system (Figure 18), a complementary 
signal to the absolute cosine (absolute sine) is obtained (Figure 19). The effective length of 
the protmding fibre (/) is, in this case, proportional to the absolute sine of the angle between 
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the hair’s direction and the plane perpendicular to the incident direction of the initial light 
beam [24]. 



PD2 


Figure 18. Configuration of a system to quantify yam hairiness using two orthogonal directions, where 
SOURCE 1 and SOURCE 2 are light sources (lasers), OPTICAL HW represents the optical elements 
used to obtain the yam hairiness projections, PD1 and PD2 are optical sensors (photodiodes) and 
YARN is the yam sample to be analyzed. 



Figure 19. Example of the absolute sine signal resulting from a 360° projection of one straight hair of 
length /, for a second photodiode positioned orthogonally relatively to the first photodiode. 

Furthermore, if the yam has several hairs with different angular displacements, the two 
systems register signals corresponding to the net projections of the illuminated hairs in the 
two planes perpendicular to the incident light directions. 

Mathematically, for the orthogonal direction of SI in a given hair segment, the signals 
(S2) recorded by the second photodiode (PD2) will be proportional to the absolute sine of the 
hair’s direction relative to the detection plane of the first photodiode (5) . 


S 2 ~ l sin(0) 


(5) 
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With the aim of analyzing yam hairiness simultaneously along two orthogonal directions, 
the electronic and optical hardware employed in the single direction hairiness analysis system 
referred in the previous sections was duplicated. As a second radiation source a diode 
laserwhich emits in both single transverse and single longitudinal mode was used. The optical 
elements used in this new setup had an anti-refelction coating allowing one to eliminate the 
polarizer, as the background signal is low in comparison to the hairiness signal. Moreover, 
they permit a reduction in the length of this system, which is an important factor considering 
the portability desired for the final system. Figure 20 presents the optical hardware used for a 
single direction yam hairiness measurement system in this experiment [24]. 



Figure 20. New custom developed optical yam measurement hardware for a single direction. 

The coherent optical imaging technique is employed to obtain an optical signal 
proportional to the amount of hairiness present on the yam being sampled. The main 
components of this new optical system are, as in the first configuration approach, a collimated 
coherent illumination source, aperture lens used to form the Fourier transform image of the 
sample yam under study, a custom made high-pass spatial filter and a second lens to create a 
final image in the detector plane (position of the photo detector in Figure 20) (I/PD). 

For the illumination source it is use a diode laser (Eudyna FLD6A2TK) that emits light at 
685 ±10 nm in both a single transverse and single longitudinal mode, with an especially low 
aspect ratio of 1.3. Emitting in a single longitudinal mode, the coherence length of the laser 
light is expected to be greater than several tens of metres. The light from this laser was 
collimated using a single plano-convex lens of 40 mm focal length (LI). After illuminating 
the sample under study (O), the light passes through a 60 mm focal length, 50 mm diameter 
plano-convex lens (L2) used to obtain the spatial Fourier transform of the object in its 
principal focal plane. A roughly 1 mm diameter opaque target (F) placed in the Fourier plane, 
blocks all spatial frequencies below 10 mm" 1 , corresponding to a characteristic size of 100 
microns or larger in the object plane. As in the first optical setup, the filter is chosen to let 
pass through the information regarding the small fibres, while eliminating almost entirely the 
nearly constant background light due to laser light that is not incident on the sample. 
However, the amount of light transmitted by the spatial filter is relatively small, roughly 3 to 
4 orders of magnitude less than the full power emitted by the laser. A third plano-convex lens 
of 60 mm focal length (L3) is used to form a final filtered image which then highlights the 
sharp transitions in the object, basically the core boundary of the fibre and any small 
protruding hairs from the yarn core. In this main setup all the lenses have a broadband anti- 
reflective coating. In addition, an interference filter centred at 680 nm with a bandpass (full 
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width at half maximum) of 10 nm and a peak transmission of 50 % (Thorlabs FB680-10) can 
be placed directly in front of the detector to limit the amount of stray ambient light detected. 

Due to equipment limitations, the elements in the second optical arm have slightly 
different characteristics; the lenses used have different focal lengths and the laser sources 
operate at different wavelengths and powers. Nonetheless, the operation principle is identical, 
while the associated electronic hardware is exactly reproduced. Moreover, to ensure that the 
beam area incident on photodiode is precisely the same, two similar windows with 5 mm 
height (final beam area of 5 mm x 10 mm) were built and placed on the active area of the 
photodiodes. To obtain approximately the same output signal amplitude in both setups, the 
gains used in the transimpedance amplifiers were adjusted, in order to compensate the 
differences in the optical hardware and light sources (source 1 - HeNe laser with a 
wavelength of 632.8 nm, with a polarization contrast of more than 100:1; source 2 - Laser 
diode with a wavelength of approximately 685 nm, with a polarization contrast of more than 
100:1). The output power of the sources (lasers) can be considered stable, as during 
measurements the variations are less than 1 %. Figure 21 presents a schematic of the overall 
optical hardware set up for two directions. 

Direction 2 





Figure 21. Experimental configuration of the orthogonal yarn hairiness analysis. 


Test Description and Implementation 

In the several experimental tests performed, the results showed that the majority of the 
signal detected by photodiode 1 was due to light originating from laser source 1. However, a 
small component of the light from laser source 2 is also scattered and detected by photodiode 
1. This indirect or cross signal was reduced, in the case of photodiode 2, by placing a 
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narrowband interference filter in front of the photodiode which rejects the vast majority of 
light that propagates to photodiode 2 from laser source 1 (Figure 21). 

A small amount of light from laser source 1 is transmitted, since the interference filter has 
a limited acceptance angle. To take into account the small cross-signals, each experiment was 
repeated using the following three different scenarios: 

a) Laser 1 on - laser 2 off, the signal in photodiode 1 is directly transmitted and the 
signal registered by photodiode 2 is due to the light scattered from laser source 1; 

b) Laser 1 off - laser 2 on, the signal observed using photodiode 2 is the directed 
transmitted signal while the signal detected by photodiode 1 is due to light scattered 
from laser source 2; 

c) Lasers 1 on - laser 2 on, both photodiodes registered the directly transmitted signal 
from the respective source together with a scattered signal from the other laser 
source. 

A 62.00 g/km yarn, with a high level of hairiness, was analyzed in 4.8 k samples of 5 mm 
each, corresponding to a total of 24 m of yarn, for each tested laser configuration. 

In each arm a small and constant background signal exists, mainly due to the quality of 
the optical elements used in the setup. This background can be easily measured by acquiring 
the signals without the presence of yam. The signals without yam are, for channel 1 
(photodiode 1), 0.134 V and for channel 2 (photodiode 2), 0.014 V. There is no reflection if 
no yarn is placed in the object plane. So, these values refer only to the signal transmission of 
the direct laser beam for each photodiode. The voltage values without yam were subtracted 
from the acquisition yam sample signals. 

Moreover, subtracting the influence on the non direct source in each acquisition signal 
considering both sources (0.14 V of source 2 influence in channel 1 and 0.01 V of source 1 
influence in channel 2, measured using the first two scenarios a) and b)) there are obtained 
Figure 22 and Figure 23, respectively, for channel 1 and 2. 

Channel 1 (laser 1 on - laser 2 on) 

0.55 
0.50 
0.45 
£ 0.40 
-g 0.35 
J 0.30 
a- 0.25 
< 0.20 
0.15 
0.10 
0.05 

Samples 

Figure 22. Acquisition signal for channel 1 considering scenario c) (laser 1 on - laser 2 on). 
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Channel 2 (laser 1 on - Iaser2 on) 
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Figure 23. Acquisition signal for channel 2 considering scenario c) (laser 1 on - laser 2 on). 

Analysing Figure 22 and Figure 23, it is possible to verify that due to their higher 
amplitudes, the signals of channels 1 and 2 are directly transmitted. The differences verified 
in amplitude are related to the different source powers and slightly different gains of the 
amplifiers. 

Table 2 presents the results of the reference values (0 % of hairiness), average and SD of 
Figure 22 and Figure 23. 

Table 2. Statistical reference, mean and SD of Figure 22 and Figure 23 


Channel 

Reference 

Mean 

SD 

(V) 

(V) 

(V) 

i 

0.23 

0.27 


2 

0.46 

0.48 



As expected, comparing the values from Table 2 to those obtained for scenarios a) and b) 
considering the direct source for each specific channel, the reference and the mean values are 
equal, while the SD values are very close. 
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Figure 24. Frequency diagrams of channels 1 and 2 for scenario c) (laser 1 on - laser 2 on). 
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Using a frequency hairiness variation diagram as presented in Figure 24, it was 
performed a correlation between both signals, considering the hairiness percentage variation 
over the average. 

Analysing Figure 24, it can be verified that both signals are highly correlated regarding 
their number of samples obtained for each tested interval. Considering the hairiness reference 
value, the percentage variation over average SD, for Figure 22 and Figure 23, also confirmed 
this conclusion, as their values are almost similar (162.83 % for channel 1 and 168.06 % for 
channel 2). The differences in the amplitudes (%) in the number of samples between channels 
1 and 2, obtained at each singular variation interval (%) considered in the frequency diagram 
of Figure 24, are presented in Figure 25. 



Figure 25. Amplitude differences in each interval of 24. 

Observing Figure 25, the amplitude variations over each interval in the number of 
samples are in the range [-1.9 %; 0.9 %] and so represent very low variations. A SD of 0.45 
%, a mode of -0.50 % and an absolute mean of 0.22 % was obtained. 

From the high level of statistical significance, between the signals obtained for 
orthogonal projection directions, it can be concluded that acquiring data along a single 
projection direction is sufficient to correctly characterize the yam hairiness. That is, the 
direction of hairs protmding from the yam tested appears to be sufficiently random, yielding 
almost identical results in both orthogonal projections. Furthermore, the single projection data 
can be corrected by the factor of nil to obtain a reliable overall characterization of yarn 
hairiness provided a sufficient number of samples are acquired. 


Textile Industry: Yarn Diameter Measurement 

This section describes a method to measure yam diameter variations using coherent 
optical signal processing based on a single photodiode. This approach enables to quantify 
yam irregularities associated with variations in diameter which are linearly correlated with 
yam mass variations. A robust method of system auto-calibration, eliminating the need for a 
standard atmosphere (20 °C and 65 % of humidity), is also demonstrated. Moreover, a 
diameter characterization was carried out for three types of yarns. 
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Approach Description 

The variation in the yarn linear mass and irregularities, are a key quality parameter in the 
textile industry. Yam irregularities are usually evaluated using capacitive measurements [30]- 
[32]. However, optical methods have several possible advantages, including, better resolution 
and lower sensitivity to environmental factors such as humidity and temperature. 

The coherent optical signal processing system, described in section 1.2, can be easily 
adapted to measure yam diameter and consequently infer yarn irregularities [33]. However, in 
this case it is measured the diameter variation and not the mass variation itself. 

A typical image without spatial filtering is shown in Figure 4 a) [21]. Looking closely to 
the image, in addition to the main shadow caused by the yam core, several small protmding 
fibres that also block a significant fraction of the laser light can be identified. A low-pass 
spatial filter allowing only the low spatial frequencies to propagate to the detector plane is 
used to obtain the main shadow due to the yarn core with the elimination of the signal from 
the small protmding fibres. Figure 26 show the intensity distribution in the Fourier plane of 
lens L3 with a low-pass spatial filter. 


Fourier Plane With Low-Pass 
Spatial Filter 


Figure 26. Fourier plane image with a low-pass spatial filter. 

Observing Figure 26, it is verified that the low-pass spatial filter corresponds to the 
“mask” of the high-pass spatial (Figure 3 a), blocking the Fourier plane area where are 
located the high spatial frequencies. 



Figure 27. Examples of images resulting from the application of the low-pass spatial filter. 

Resulting from the application of a low-pass spatial filter with a circular aperture of 1 
mm, images from yams of different diameters are presented in Figure 27. This filter 
eliminates all spatial frequencies above 11 mm" 1 , corresponding to a characteristic size of 91 
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microns or less in the object plane. As expected, the hairiness signal is almost completely 
absent. 

However, as the intensity of the laser light that is not blocked by the yam, caused the 
saturation of the photodiode of the electronic system setup, a linear polarizer was placed 
before the photodiode (image plane) to attenuate the laser light signal. The polarizer should 
be adjusted assuring that the signal without any yam will be in the linear response range of 
the photodiode. 

The fundamental transverse spatial mode of the HeNe laser is Gaussian in shape rather 
than being spatially uniform. To overcome this drawback a detailed study was performed 
regarding the Gaussian nature of the incident laser beam described in the next section. 


The Gaussian Nature of the Incident Laser Beam 

Figure 28 shows that the light intensity is approximately uniform near the centre but 
drops steeply in the spatial wings [34]. The best approximation for linearity is obtained in the 
centre of the beam and in its close surroundings. 



Figure 28. 3D Gaussian distribution of a laser beam [34]. 

A projection along a single dimension of a typical Gaussian intensity distribution is 
presented in Figure 29 [35]. 


Intensity 




Figure 29. A Gaussian intensity distribution typical of a HeNe laser [35]. 

Mathematically, the Gaussian intensity distribution of the laser beam is given, as a 
function of the radius (r), by (6). 
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m = he 


-2 r 


2 




where, the parameter w 0 , normally called the Gaussian beam radius, is the distance from the 
optical axis for which the intensity is reduced by 1/e (0.135). At r = 0.59wo, the intensity 
drops to 50 % of its maximum, while at r = 2wo, the intensity is only 0.0003 of its maximum 
value. 

Figure 27 shows that the presence of yam in the object plane provokes a localized 
shadow in the image plane. The goal of this study is to correlate the signal reduction caused 
by this shadow with the yam diameter. In order to calibrate the variation response of the 
photodiode to a localized change in the laser beam illumination, it was placed in front of the 
photodiode, a “window” with a vertically variable aperture. The “window” is adjustable in 
steps of 250 pm, using a micrometer stage to translate a movable card. Fully open, the 
maximum aperture has an area of 7.5 mm x 2 mm, as presented in Figure 30. 
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Figure 30. “Window” with variable aperture used in the photodiode. 


The photodiode signal over 30 different steps, as the window changes from fully open to 
fully close, was measured. The resulting signals are displayed in Figure 31. 
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Figure 31. Photodiode signal variation as the window aperture was changed without the presence of 
yam in the object plane. 

Although the full aperture has a height of 7.5 mm, only 26 steps are necessary to go from 
a maximum signal to a null signal. Steps numbered 0 and 1 did not block the incident laser 
light, as an equal signal level is observed as for step number 2. On the other limit, the incident 
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beam blocked completely at step number 28, being redundant step number 29. Only 25 steps 
are necessary to close totally the aperture, considering that the initial point, maximum 
aperture, is taken as the reference, meaning that the effective height of the illuminated area on 
the photodiode is between 6 mm and 6.25 mm. An approximately linear variation in the 
signal is observed for the aperture distances ranging between 2.5 mm and 5 mm, which 
correspond to the region of maximum laser intensity (zone 1). Alternatively, in Figure 32, it is 
displayed the signal difference between adjacent steps. 



U 2 A b t! 1U lid IB 1U 'll '2A 
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Figure 32. Signal difference between adjacent steps. 


Table 3. Identification of the laser beam illumination zones from Figure 32 


Majority zone signal 

Step variation intervals 

i 

[12-16] 

2 

[10-11; 17-18] 
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[8-9; 19-20] 
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Figure 33. Identification of the laser beam illumination zones. 

As expected, an approximately Gaussian distribution was achieved. The centre steps, 
between 12 and 16, produce an almost constant signal, corresponding to illumination zone 1 
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(Figure 33). The corresponding assignments between aperture steps and laser beam 
illumination zones are shown in Table 3 and Figure 33. 

Zone 1 presents a linear variation as a function of the blocked vertical distance (Figure 
34). 



Figure 34. Linear fit to the signal measured as the translating window passed through the zone 1 of the 
laser illumination. 

The determination coefficient (R ) obtained supports the system linearity. Moreover, the 
system sensitivity can be estimated using the slope value obtained (-1.608 V). In this setup, a 
reduction of 1 mm in the vertical window, corresponding to 2 mm of illumination area, 
decreases the signal output by 1.608 V. Taking into account the optical reduction factor of 66 
% relative to the object plane, a variation of 2 mm in the image plane would have an actual 
area of 3.03 mm , yielding an overall system sensitivity of 0.531 V/mm . 

In continuous measurements, the yam can have small deviations from the exact centre of 
the laser beam illumination, provoked by the traction system. In order to study the influence 
of such deviations, it was analyzed the signal variation in zones 1 and 2 (Figure 35). 



Figure 35. Signal variation over zones 1 and 2 from Figure 34. 
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The difference obtained in the slopes of Figure 34 (-1.608 V) and Figure 35 (-1.5266 V) 
is less than 6 %, suggesting that even if the yam moves as much as ± 2 mm in the object plane 
(corresponding to less than ± 1.3 mm in the image plane), the diameter measurements 
uncertainty will be less than 6 %. 


Auto-Calibration, Diameter Determination and Irregularities Classification 

In order to establish an auto-calibration procedure in the presented yarn diameter 
measurement system, avoiding the necessity of a standard atmosphere, the following 
algorithm was developed [33]: 

1. Measure the signal without yarn, V s f (V); 

2. Measure the signal with yam, V cf (V), during the tested yam length with a 
determined frequency of acquisition; 

3. Determine the average of signal with yam, V C f a (V), which considers the average 
diameter; 

4. Calculate the average signal blocked by the yam, Vf = V sf - V cfa (V); 

5. Estimate the yarn average theoretical diameter, d = 4.44 * 10" 2 V(tex / p) (mm) 
[27][28], where p is the yam material density (g/cm 3 ); 

6. Determine the area which is on average blocked by the yam, A fs j = si * d (mm 2 ), 
where si is the sample length of the system (mm); 

7. Determine the attenuation ratio for the tested yam, S a = Vf/ Af SJ - (V/mm 2 ). 

Then, after the calibration process, the yam diameter in each sample is determined by the 
following steps: 

1. Determine the area blocked in each sample, Ai = (V S f- V C f) / S a (mm 2 ); 

2. Determine the diameter in each sample, d{ = A{/ si (mm). 

With the diameter average, it is possible to determine yarn irregularities by calculating 
the percentage variation in diameter of each sample compared to the average diameter. 
However, if it is only necessary to characterize yam irregularities, it is possible to use a 
simpler process: 

1. Measure the signal without yam, V s f (V); 

2. Measure the signal of each sample with yarn, V cf (V), during the tested yam length 

with a determined frequency of acquisition; 

3. Determine the average for all the measured samples, V C f a (V); 

4. Determine the yam reference voltage, V r = V sf - V cfa (V); 

5. Determine the percentage variation of each sample with yam, 

d, (%) = 


100 (Vsf-Vcf)/Vr. 
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Yarn Diameter Characterization Results 

This section presents the experimental results obtained with several yams with the 
diameter characterization setup for a continuous acquisition in a defined length. 

Three 100 % cotton yams with different linear masses of 49.17 g/km, 62.00 g/km and 
295.00 g/km were analyzed [36]. 

To ensure a 1 mm analysis, a window aperture, in the photodiode, with an area of 1 mm x 
4 mm, was built. Although, as the optical hardware produced a reduction of 34 % in the 
image plane, a 1 mm height window in the image plan corresponds to an effective height of 1 
mm / 0.66 = 1.52 mm in the object plane. A 4 mm wide window was used to allow a possible 
oscillation of the sample yarn. As the yarn position was very stable, the system acquired a 
high percentage of samples in the centre of the laser beam where the window was placed, 
allowing reliable measurements (laser zone with high linearity). 

A total of 6k samples, in steps of 1 mm, were acquired for each yam. The calibration 
value corresponding to the signal without yarn was 2.63 V. In order to obtain the effective 
signal blocked by the yam, the difference between the acquisition signal and the value 
without yarn was calculated. Figure 36 presents the results obtained. 
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Figure 36. Yam blocked signals for each analyzed yam. 

Figure 36 shows, as expected, that higher linear mass yams and consequently larger 
diameter yams, produce a greater amount of blocked signal. Table 4 presents the maximum 
and minimum yam diameters, determined using images from an electron microscope and the 
average value of their blocked signals. 

Table 4. Relationship between yarn diameters and average signals 


Yarn linear mass 
(g/km) 

Average signal 
(V) 

Maximum diameter 
(mm) 

Minimum diameter 
(mm) 

49.17 

0.2320 

0.384 


62.00 

0.3265 

0.518 


295.00 

0.6687 

1.210 



As stated before and now confirmed by Table 4, yam linear masses are correlated with 
the yam diameter. Furthermore, Table 4 also shows that the average signal obtained has a 
direct proportionality with the yarn diameters. 
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Figure 37 presents the average diameter as a function of the average signal voltage for 
each yam, where is observed a clear tendency for a linear relationship between yam diameter 
and the average signal blocked by the yams under test, with the least squares linear fit having 
an R 2 of 0.995. 
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Figure 37. Linear distribution of the system yam diameter characterization. 


Yarn Diameter Analysis Using Two Orthogonal Projections 

A test was performed using two measurement systems disposed orthogonally (two 
directions) and the results were correlated. As the experimental methods and configurations 
used in this section have similar theoretical background to the ones presented in section 0 
[21], except for the use of low-pass filters instead of high-pass filters, only the experimental 
results [37] are shown. 

In sample lengths of 5 mm, 19 m of the 62 g/km yarn were analyzed, registering the 
signal received by each photodiode by two analogue channels of the National Instruments 
USB-6251 data acquisition board [20]. The experimental setup is presented in Figure 21 
using low-pass filters instead of high-pass filters. 
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Figure 38. Blocked yam signal for channel 1. 
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Figure 39. Blocked yam signal for channel 2. 

The signal without yam for channel 1 was 7.85 V and for channel 2 was 7.46 V. The 
blocked yam signal, from each photodiode, was determined by subtracting from the signals 
without yam, the acquisition signals. Figure 38 and Figure 39 present, respectively, the 
blocked yam signals obtained for channel 1 and channel 2. 

It was obtained an average of 0.450 V and a SD of 6.3 % for channel 1 and an average of 
0.381 V and a SD of 5.8 % for channel 2. As expected, the average signals are close but not 
equal. The gains of the transimpedance amplifiers were adjusted to give approximately the 
same reference level. However, as the laser power was different in each channel, this resulted 
in different gains for the two channels. Nevertheless, the SD results should be close, as 
verified. On average, the pattern deviation for the two signals should be close, provided that 
the irregularities are randomly distributed over the yam and having an equal probability of 
taking on any orientation over the 360° about the yam’s axis. But to correctly correlate the 
signals, their percentage variation over the average must be analyzed. Figure 40 and Figure 41 
present respectively, the percentage variation signal obtained for channel 1 and 2, where it 
was obtained a SD deviation result of 14.1 % and 15.2 %. Although these signals look 
different, they are in fact statistically very similar, as confirmed by the results obtained. 
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Figure 40. Percentage variation over average for blocked yam signal from channel 1. 
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Figure 41. Percentage variation over average for blocked yam signal from channel 2. 

Furthermore, for a detailed analysis of the signals, it were determined their frequency 
diagrams considering 100 intervals, as presented in Figure 42. 
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Figure 42. Frequency diagrams of channels 1 and 2 for the percentage variation signals. 

Observing Figure 42 it is verified that, regarding the number of samples obtained for each 
tested interval, both signals are highly correlated. The amplitude differences obtained at each 
interval are presented in Figure 43, where it is observed that the variations are in a low level 
of number of samples range of [-0.9 %; 1.18 %]. A SD of 0.33 %, a mode of 0.11 % and a 
mean of 0.22 % were obtained. The high level of statistical significance between the signals, 
confirms the mathematical deduction presented in the hairiness measurement approach, where 
a single direction projection is sufficient to correctly characterize the yam, in this case, in 
terms of irregularities [30]-[32]. 

The experimental results presented in this section demonstrated that the orthogonal 
results confirmed that for the number of samples used in the test, the variation between the 
results of each direction is reduced (absolute value of approximately 2 %). 
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channel 1 - channel 2 i 



Figure 43. Amplitude differences in each interval of Figure 42. 

These facts support that for the high number of samples used in yam evaluation, using 
only a single projection is possible to quantify the total amount of yam irregularities with a 
good level of confidence, by using a factor of 1.57 to account for the single projection 
hairiness results. This permits the use of a less complex system at a lower cost. 


Biomedicine: Biochemical Analysis of Body Fluid Samples 

This section describes the methodology employed to develop a CMOS optical detection 
microsystem that uses photodiodes as the detection element for reading the light intensity that 
is absorbed by a specific biochemical substance present in a body fluid sample and, therefore, 
determine its concentration in that fluid sample. Those photodiodes are programmed to 
feature highly accurate and selective detection. Their relatively simple readout circuits and 
their compliance with a standard CMOS process (without extra masks) allow addition to an 
existing CMOS design, and makes them the election detection element in lab-on-a-chip 
devices based on spectrophotometry. 

In the following sub-sections some generic features for the measurement technique are 
addressed and the major characteristics and properties for the design of the CMOS 
photodiodes and its readout electronics are discussed. The obtained results are also presented, 
which allow concluding that the CMOS optical detection microsystem can be used in lab-on- 
a-chip devices for spectrophotometric analysis of body fluids samples. 

Background of Spectrophotometric Analyses 

In biochemical analysis of body fluids samples, one of the most commonly used 
analytical techniques is the spectrophotometric analysis (the study of the interaction of 
electromagnetic radiation with biochemical substances). Spectrophotometry by optical 
absorption is often used to determine the activity, structure, concentration and/or amount of a 
particular analyte in body fluids samples [38]. An analyte is the substance (element, ion, 
compound or molecule) being analyzed. The absorbance detection will be briefly reviewed in 
the following paragraph. More detailed information can be found in books such as [39]. 
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In absorbance detection, the sample is excited by a light source of intensity, I 0 . The light 
intensity that passes through the sample is measured, /. The ratio of the two previous 
quantities is denominated as the absorbance, A, and is linked to the concentration of the 
analytes according to the Lambert-Beer’s law [39]: 

A = -\og— = acd ( 7 ) 

A) 

where d is the pathlength, c is the concentration of the analyte in the sample and a its 
corresponding molar absorption coefficient. The Lambert-Beer’s law, as written above, is not 
directly applicable to circular microchannels. Diffraction and reflection effects strongly 
modify the pathlength, and therefore a correction factor must be applied. 

The spectrophotometric measurement used in the lab-on-a-chip presented in this section 
is based on colorimetric detection by the optical absorption in a part of the visible spectrum 
defined by the analytes present in the sample. These analytes have an absorption maximum at 
a specific wavelength, which is directly proportional to their concentration in the samples. 
However, many of the analytes of interest for clinical analysis do not have chromophores that 
absorb light in a useful part of the visible range. Specific chemical reactions are available 
(reagents) to transform these analytes into coloured products that do have adequate 
absorbance [38]. In addition, in colorimetric analyses, a fluid sample is mixed with a specific 
reagent, proper for the biochemical substance being analyzed, and, from that mixture, a 
coloured product is obtained. The intensity of that colour is directly proportional to the 
concentration of the biochemical substance in analysis and the absorption spectra of the 
mixture show a maximum peak at a specific wavelength [38]. As an example, for determining 
the magnesium concentration in a blood sample the mixture has an absorption maximum at 
550 nm (Figure 44). 
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Figure 44. Absorption spectra shape for some biochemical substances with different concentrations in 
blood. 


Shrinking of clinical analysis systems is fundamentally limited by the amount of 
molecules available in the sample volume (i.e. the product of the cross-sectional area of the 
channel and the illuminated channel length) and thus by the concentration of the desired 
analyte. Common body fluids analyses require the reproducible measurement of analyte 
concentrations between 1(T and 10 molecules per picoliter. Consequently, a picoliter sample 
volume is realistic only if the detection system can measure the detection limit of 
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10 5 molecules. For example, in human urine, albumin is the protein that has the lowest target 
molecules (in average 1 pmol in 1 liter of urine) and also the lowest concentration (less than 
15 mg/dl). For a low concentration of albumin in urine, for example 5 mg/dl, there are still 
3.35 x 10 5 molecules per picoliter. Whether actual shrinking to the picoliter range is feasible 
also depends on practical aspects, such as the channel height (or optical pathlength) required 
to achieve measurable absorption (which depends on the analytes absorption coefficient ( a ), 
for example, or =0.27 m" 1 for an albumin concentration of 5 mg/dl), as well the minimum 
channel width and the photodiode area, which are both set by lithographic constraints. 
Typical minimum dimensions for the optical pathlength is 500 pm. The reduction of this 
optical pathlength makes solutes with poor absorption coefficients difficult to detect, even 
with a high-accurate detection system. 

CMOS Photodiodes as the Detection Element 
Absorption of Light In Silicon 

The absorption of light in silicon in the visible part of the electromagnetic spectra is 
wavelength dependent. Radiation with short-wavelengths (high-energy photons) is quickly 
absorbed near the surface and radiation with long-wavelengths (low-energy photons) 
penetrates deeper in silicon before being absorbed. This effect is due to the strong wavelength 
dependence of the silicon absorption coefficient a ,, which causes the penetration depth of 
light in silicon, d{/ 1), to be wavelength dependent and expressed by [40]. 

1 

- ( 8 ) 

a(A) 

Selecting the suitable junction depth allows to set a maximum peak at a specific 
wavelength. An optimal photodiode structure for a particular application might require a 
special processing of the silicon wafer with several non-standard steps, which usually 
involves high-costs and the need for easily adaptable and suitable equipped semiconductor 
facilities. Consequently, most silicon photodiodes structures comply with the possibilities of 
the standards foundries. 

Photodiodes Available in CMOS 

The photodiodes convert the light intensity that reaches its active area into a 
photocurrent. In the case of the reported application, this light is the light transmitted through 
the coloured mixture (which is related to the mixture absorbance by equation (1.7)), but, it 
also can be the light emitted or reflected by the mixture. In a standard n-well CMOS process, 
three photosensitive structures are possible as vertical junction photodiodes: n-well/p- 
epilayer, p+/n-well and n+/p-epilayer (see Figure 45). In the CMOS process used, the 
thickness of the n-well is 2900 nm, the n+ layer is 350 nm, the p+ layer is 500 nm and the 
depth of the epilayer is 12 pm, with a doping concentration of 10 atoms/cm\ At a particular 
wavelength, the photodiodes quantum efficiency varies according to their junction depth. 
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The quantum efficiency of a photodiode reveals how well it collects the incident light 
[41]. In the visible spectrum, the blue light (of about 450 nm) is more efficiently collected by 
a shallower junction (p+/n-well and n+/p-epilayer) and the red light (of about 650 nm) by a 
deeper junction (n-well/p-epilayer). Moreover, despite the shallower junction of the n+/p- 
epilayer photodiode, it has the higher quantum efficiency in the wavelengths of about 500 nm, 
due to the different doping concentration between the n and the p side, which extends the p 
side depletion area more deeply. Therefore, according to the biochemical substance maximum 
absorbance, emission or reflection wavelength, it is chosen one of these three photosensitive 
structures for the photodiode. When the same lab-on-a-chip is developed to analyse several 
biochemical substances, ranging from the 400 nm to the 700 nm, the device would benefit of 
include those three photodiodes. In that case, the readout electronics will be programmed to 
select the photodiode that better fits the biochemical substance in analysis. 
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Figure 45.The three vertical junction photodiodes in a standard n-well CMOS process: n-well/p- 
epilayer, p+/n-well and n+/p-epilayer. 

The quantum efficiency is determined by intrinsic and extrinsic parameters. Intrinsic 
parameters are type of semiconductor, junction depth, depletion width and carrier diffusion 
length. However, there is little room to play with these parameters in standard CMOS: the 
junction depth is fixed. The most common extrinsic parameters are the stack of dielectric 
layers possibly left on top of the photodiode pn-junction and the pixel effective area (fill 
factor). Therefore, the alternative for improving the quantum efficiency at a certain 
wavelength is to use a combination of these dielectric layers. They act as a thin-film stack and 
influence the optical transmittance for each wavelength independently. In addition, the 
photodiode quantum efficiency can be programmed by design. For that, the thickness and the 
optical properties of those layers have to be stable and well known for all batches of the 
standard process [42]. 

Optimization of Photodiodes Quantum Efficiency 

In the standard CMOS process used there are three dielectric layers above the photodiode 
pn-junction (see Figure 46). The first oxide (BPSG - Boron Phosphor Silicate Glass) 
thickness above the photodiode is measured as 650 nm and the second (Si02) as 700 nm. The 
silicon nitride layer (the overlayer), used for scratch protection, is 800 nm thick. Since 
technology rules from the standard CMOS process have to be met, the design of the optical 
path is restricted to combinations of those three dielectric layers above the pn-junction. The 
simulated optical transmissions of those combinations are shown in Figure 47. The 
simulations are done with an optics software package TFCalc 3.4, supplied by Software 
Spectra, Inc., USA. 
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Figure 46. Cross-section of the basic structure of the photodiodes, fabricated in a standard n-well 
CMOS process. 
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Figure 47. Simulated spectral responses of some typical combinations of the dielectric layers above the 
photodiode pn-junction. 

The simulations indicate that when no dielectric layer is present, the air-silicon interface 
represents a great transmission loss. An oxide layer, with a thickness around 650 nm, can 
increase the transmittance from 50% to 60%, but also introduces wavelength dependence. 

A properly designed anti-reflective coating can optimize the transmittance. However, this 
represents a post-processing step to the standard CMOS, which would damage economically 
the microsystem. In some cases, the best choice would be the removal of all dielectric layers 
from the top of the silicon surface. This process is performed at the design level, using the 
same masks designed for the metal contacts and for the overlayer (without additional masks 
or steps). However, in the used standard CMOS process, when etching the dielectric layers 
the metal layers are used as etch stops, and so, the etch time does not need to be very 
accurately controlled. This might represent a problem if the process steps are kept standard, 
because the removal of the dielectric layers etches the under adjacent layer (see Figure 48). 
Consequently, from the practical point of view, the removal of the first oxide layer is not 
feasible, because it may damage the pn-junction. A visible effect is the roughness (like 
bubbles) in the photodiode active area (see Figure 49). This random surface-rough interferes, 
also randomly, in the photocurrent response. Therefore, using the standard CMOS process, 
the first oxide layer should be left over. Thus, the best photodiodes structure for the related 
application is the one presented in Figure 50. It is desirable to have the minimal wavelength 
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dependence for suiting this optical detection microsystem to the spectrophotometric analysis 
of several biochemical substances and several body fluids. 
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Figure 48. Etched layers when etch masks are applied. 
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Figure 49. A SEM photograph of the CMOS photodiode without the first oxide. 
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Figure 50. Cross-section of the fabricated CMOS photodiodes. 

Photodiodes Operation and Characterization 

The photodiodes operation and characterization is demonstrated by their measured 
spectral responsivity, quantum efficiency and dark current. All photodiodes have an active 

3 2 

area of 250 x 10 pm . Those measurements were performed using a Keithley 487 
picoamperemeter (full-scale range from 10 fA to 2 mA and a resolution of 5 digit), and a 
250 W quartz tungsten halogen lamp with the ORIEL Cornerstone 130™ monochromator 
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used as light source. The measurements were calibrated with a calibrated commercially 
available photodiode as reference (Hamamatsu S1336-5BQ). Figure 51 shows the spectral 
responsivity and the quantum efficiency for the three photodiodes structures presented in 
Figure 50 (all with only the first oxide on top of the pn-junction). It can be concluded that 
each photodiode structure is suitable for a certain range of wavelengths, fulfilling the exposed 
theory of the 1.4.2.2 section. 

Figure 52 shows the spectral responsivity and the quantum efficiency for the n+/p- 
epilayer photodiode with two different combinations of the dielectric layers above the 
photodiode pn-junction (with only the first oxide and with all dielectric layers). Once again, 
the measured results agree with the simulated ones presented in Figure 47. 




Figure 51. Measured (a) spectral responsivity and (b) quantum efficiency of the three photodiodes 
structures. 




Figure 52. Measured (a) spectral responsivity and (b) quantum efficiency of the n+/p-epilayer 
photodiode with two combinations of the dielectric layers above the photodiode pn-junction. 

In Figure 53 it can be shown the n+/p-epilayer photodiode dark current, with only the 
first oxide and with all dielectric layers, for several reverse bias voltages. A dark current of 
0.27 pA (1.08 x 10" 18 A/pm 2 ) and of 0.63 pA (2.52 x 10" 18 A/pm 2 ) at 0 V was measured for a 
photodiode active area of 250 x 10 pm with only the first oxide and with all dielectric 
layers, respectively. From these results it can be concluded that the dielectric layers, not only 
introduce wavelength dependency, but also increase the dark current. 
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Figure 53. Measured dark current as a function of the reverse bias voltage of the n+/p-epilayer 
photodiode with two combinations of the dielectric layers above the photodiode pn-junction. 


Photodiodes Readout Electronics 

It is desirable to integrate the analog to digital conversion and the photodiodes in the 
same silicon die. For that, a CMOS light-to-frequency converter was designed (see 
Figure 54). It produces a bit stream signal with a frequency proportional to the photodiode 
current and hence proportional to the intensity of the light that reaches the photodiode active 
area. 


Clock 



Figure 54. Block diagram of the photodiode readout circuit. 

The reverse biased junction capacitance of the photodiode Cj and capacitor Cjb are used 
as storage elements. At the voltage V comp lower than V re f, the comparator output V out remains 
at a high logic level. After synchronization with a clock pulse, the analog switch S\, is 
changed for the A position, which forces the capacitor Cjb to be quickly charged during one 
clock period with the voltage Vdd. After that period, this switch is changed again to the B 
position and the comparator output voltage commutes to the low logic level (Vdd> V ref ). 
Thus, the photocurrent discharges the capacitor Cp until the comparator detects V comp < !’, v/ . 
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which causes V out to change to the high logic level again and the cycle to repeat (see Figure 
55). The bit stream frequency of the output converter is a function of the charge change in the 
capacitor, AQ, which is directly proportional to the input photocurrent and hence to the 
biochemical substance concentration, 


f 


bitstream 


photodiode 

A Q 



The logic and the analog switches S 2a though S 2 d select the channel to be measured. These 
switches are identical complementary PN-MOS switches. The comparator is a clocked high¬ 
speed regenerative comparator with a rail-to-rail input circuit. For reliable operation a 
two-phase non-overlapping clock is used for the analog switch S\ and for the comparator. It is 
possible to use a digital counter for counting the bit stream output pulses of the comparator 
during a fixed time period, producing the digital value correspondent to the photocurrent 
intensity. Alternatively, a microcontroller can substitute the counter, generating all the control 
logic and performing additional calculations too. 



Figure 55. Comparator input and output voltages. 

In the reported application, four photodiodes, placed underneath the fluids chambers (see 
1.4.5.3 section, Figure 62) should be used in each measurement for fulfil the requirement of 
portability (Figure 56). The first photodiode is for the reagent (without the biochemical 
substance) and it is needed to obtain the baseline reference; the second is for the body fluid 
that is being analyzed; the third is for measuring the photodiode dark current; and the fourth is 
for the calibrator (a standard sample with a well-known concentration of the biochemical 
substance that is being analyzed) and it is needed to calibrate the microsystem and to 
compensate the incident light oscillations (see section 1.4.5). The dark current is the current 
that flows in a photodiode when there is no optical radiation incident on it. It is usually 
measured and then subtracted from the flux. As the dark current is temperature dependent, 
one measurement at the beginning of the experiment is usually not sufficient. Thus, in the 
reported circuit, a dark current compensation channel is implemented using the photodiode 3. 
This photodiode is completely covered with metal. 
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Figure 56. Block diagram of the photodiodes readout circuit used in each biochemical substance 
concentration measurement. 
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Figure 57. Output frequency of the light-to-frequency converter for different photodiode currents (F - 
frequency, /- Photodiode current, R - Pearson product moment correlation coefficient). 

The power supply of the light-to-frequency converter circuit is 5 V. The reference voltage 
of the comparator (V re /) is 2 V and the clock frequency is 1 MHz. The monochromator light 
source is used for testing the performance of the converter. This light is approached and 
removed from the photodiodes. Figure 57 shows the output frequency of the light-to- 
frequency converter for different photodiode currents, which corresponds to different 
intensities of the light source. In Figure 58 samples of the oscilloscope traces, when the light 
source is at 5 cm (corresponding to a photodiode current of 820 nA) and at 50 cm 
(corresponding to a photodiode current of 137 nA) from the photodiode, were photographed, 
respectively. It can be seen that the output frequency of the comparator is proportional to the 
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2 

light intensity. The optical system sensitivity achieved is 1 kHz/Wm" at X = 670 nm (using 
the TLS230 from Texas Instruments as reference). Further, the comparator output is used as a 
clock signal for a counter, which counts pulses during a fixed time period, producing the 
digital readout correspondent to the light intensity. 
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Figure 58. Oscilloscope capacitor voltage (1) and comparator output voltage (2) when the light source 
is at: (a) 5 cm from the photodiode; and (b) 50 cm from the photodiode. 


CMOS Optical Detection Microsystem Fabrication 

The CMOS photodiodes and readout circuits have been fabricated through a 
double-metal, single-polysilicon, 1.6 pm n-well CMOS process. The area of each photodiode 
is 500 pm x 500 pm. Figure 59 shows a photograph of the fabricated optical detection 
microsystem. The photodiode for measuring the dark current is point out with the letter ‘B\ A 
metal layer covered its active area. This microsystem has been packaged in a “Dil 40” 
package (see Figure 60). 
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Figure 59. A photograph of the optical detection microsystem. 
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Figure 60. A photograph of the packaged optical detection microsystem. 


CMOS Optical Detection Microsystem Operation Integrated 
in a Lab-on-a-Chip 

Lab-on-a-Chip Concept 

The reported CMOS optical detection microsystem was integrated in a lab-on-a-chip 
device for measure, by optical absorption in a part of the visible spectrum, the concentration 
of several biochemical substances in body fluids. The complete device allows the 
measurement with a regular white light illumination, thus avoiding the use of complex and 
expensive analysis systems like the ones that comprise spectrophotometers, for example. This 
feature highly facilitates portability and ensures analysis within consultation time, at a patient 
house (allowing a first trial) and in clinical laboratories or hospitals. Despite its small 
dimensions, low energy consumption and the use of small quantities of reagents and samples, 
it has the same reliability and precision of the body fluids analysis systems by 
spectrophotometry available, nowadays, in clinical laboratory analyses. 

Lab-on-a-Chip Operation 
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Figure 61. Cross-section of the lab-on-a-chip structure. 
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The lab-on-a-chip operation (see Figure 61) is based on topside illumination with a white 
light beam that is transmitted through the detection chambers containing the samples to 
analyze. The impinging light is filtered, by optical filters, to a narrow spectral band centred at 
the wavelength for which the coloured mixture has its absorption maximum. The intensity of 
the selected spectral component transmitted through the fluid is measured using the 
underlying photodiodes integrated in the reported CMOS optical detection microsystem. 

Lab-on-a-Chip Structure 

The lab-on-a-chip combines in a multichip module the microfluidic system, the optical 
filtering system and the reported CMOS optical detection microsystem (Figure 62a). The 
microfluidic system contains the microchannels and the detection chambers. The main 
channel is 500 pm wide, 70 mm long and 500 pm deep, with a liquid volume quantity of 20 
pi. Each detection chamber is 2 mm wide, 3 mm long and 500 pm deep. The high depth is 
crucial for the optical absorption measurements (see section 1.4.1). The microchannels are 
fabricated in SU-8 photoresist (Figure 62b). Therefore, they have a deep rectangular vertical 
profile, which is suitable for optical absorption measurement. Moreover, the SU-8 based 
fabrication is a low-cost process, UV lithography semiconductor compatible and does not 
require expensive masks, a regular transparency foil, like the one used in printed circuit 
boards, is enough. In addition, the microfluidic system can be a disposable die, which 
minimize the cost associated with cleaning and avoids the contamination between analyses 
[43]. 

The optical filters are based on highly selective Fabry-Perot thin-films optical resonators 
fabricated using a stack of dielectric layers (Ti0 2 and Si0 2 ). These films are deposited on top 
of the detection chambers by Ion Beam Deposition. They are designed to yield a narrow 
passband around the wavelength for which the coloured mixture has its absorption maximum. 
This characteristic enables the selective measurement of the light intensity, at the desired 
wavelength, transmitted through the mixture. Further information about its design can be 
found in [44]. 



(A) 



Figure 62. (a) Schematic of the lab-on-a-chip structure; (b) photograph of the lab-on-a-chip. The 
microfluidic system is glued to the CMOS chip. 
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each concentration were less than 10%; (5) the minimum detection of the lab-on-a-chip is 0.5 
mg/dl and the achieved sensitivity is 5 mg/dl for both analytes, which corresponds to a 
relative resolution of 3.3%, enough for human being urine values. 


Conclusion 


This section presents the main conclusions obtained in photodiode application in Textile 
Industry and Biomedicine considering the studies and approaches previously described. 


Textile Industry Applications 

Concerning the yam hairiness measurement approach developed, the following 
achievements were obtained: 

1. With the setup proposed it was possible to infer qualitatively the level of yam 
hairiness; 

2. There is no relationship between yarn diameter and reference values, as the system is 
only sensible to yarn hairiness and yarn borders (contours); 

3. The signal output is directly proportional to the length of the hairs causing the signal; 

4. As the hair diameter (fibres) have variations of only a few microns, their influence 
comparatively to the influence of hair length, is minor and can be ignored; 

5. The minimum statistical reference method showed reliable results in comparison to 
the water method, with the advantage of being a non invasive procedure and can be 
performed online; 

6. A high level of statistical similarity between the signals obtained with orthogonal 
projections directions was obtained and so a single projection data can be simply 
corrected by the factor of nil to get a reliable overall characterization of yam 
hairiness, provided that a sufficient number of samples is acquired; 

Based on the described achievements it is concluded that the developed setup, using a 
single direction projection, proves to be an accurate method to measure yam hairiness 
reducing the system cost and complexity. 

Subsequently, analyzing the studies undertaken throughout the yarn diameter 
measurement approach, it was verified that: 

1. A direct relationship between the yam diameter and the output voltage of the system 
is obtained for the zones 1 and 2, which correspond roughly to a full laser saturation 
zone; 

2. The use of coherent signal processing increases the precision and resolution of the 
system measurements as the hairiness is eliminated in the image plane measured by 
the photodiode; 

3. The system is capable of auto-calibration and, as a consequence, do not require a 
standard atmosphere; 
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4. A single projection direction analysis is sufficient to correctly characterize the yam 
irregularities considering a factor of nil (1.57), reducing the complexity and the cost 
of the apparatus; 

Based on the results obtained it is concluded that the system approach is suitable to 
determine yam diameter variation, being capable of accurately quantifying the level of yam 
irregularity [30]-[32]. 


Biomedicine Applications 

With the CMOS optical detection microsystem described, it was possible to determine 
the concentration of some biochemical substances that are present in body fluids. The 
obtained results confirm the direct proportionality between intensity of the colour produced 
by the mixture and the biochemical substance concentration. They agree with macroscopic 
measurements performed with well known uric acid and total protein standards and using 
state-of-the-art laboratory equipment. In conclusion, it has been obtained the same 
performance, precision, reliability and sensibility of the analysis performed, nowadays, in 
clinical analysis laboratories. Although this microsystem was presented for determining the 
concentration, by optical absorption, of biochemical substances in body fluids, it can also be 
used for applications that require not only the absorbance measurement, but also the 
fluorescence or reflectance measurements. Generally, it can be applied when it is needed a 
colour intensity determination of a fluid sample, in areas such as environmental, food testing, 
air and water analysis, forensic laboratories. 

The same CMOS photodiodes presented here can be used in CMOS imagers for X-ray 
detection or for being integrated in endoscopic capsules for fluorescence detection of cancer 
tissue. 

Regarding to X-ray detection it would benefit if the analogue to digital (A/D) conversion 
of the image sensors could be integrated in a single chip, which is difficult using CCD 
(Charge Coupled Device) imagers. Advantages of such integration are lower power 
consumption, cost reduced, reliability improved and data conversion speed up. A single chip 
require that all the components of an image sensor system are integrated on the same 
substrate, e. g., clock devices, image sensor, A/D conversion, control and signal processing. 
These requirements can be achieved by using a CMOS process [45]. Besides being widely 
available, a standard CMOS process is generic, supports several photosensitive structures, 
favours the integration of multiple electronics functions with a high yield and it is, currently, 
the cheapest of the competing technology. If a standard technology for the fabrication of the 
image sensor system has to be followed, CMOS is a more sensible option due to its wide 
availability, reduced component and packaging costs and, more important, its capacity to 
accommodate multi-functional circuitry on-chip. Therefore, it stands as a reasonable choice 
for X-ray detection the use of the reported CMOS photodiodes as the image sensor [46]. 

Regarding to endoscopic capsules for gastrointestinal applications, human tissues show 
autofluorescence emission spectra when excited by ultraviolet or short-wavelength visible 
light. The intensity and shape of these spectra depends of the tissues pathologic state: the 
emission spectrum of cancer tissue is different from the one of the healthy tissue, and, it is 
dependent on the cancer development stage. Therefore, its measurement can give information 
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about the degree of malignant transformations that could lead to cancer. CMOS photodiodes 
can be used and optimized for exploiting those emission spectra differences, by measuring the 
fluorescence intensity at specific spectral bands [47] [48]. Once they are small and easily 
integrated with readout electronics for data processing, they can be integrated in an 
endoscopic capsule used for monitoring physiological parameters of the gastrointestinal tract. 
The complete system will innovate the way of physicians diagnose the gastrointestinal 
diseases. 
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Brief History of Cardiac Opticaf Mapping 

The human heart pumps oxygenated blood to the organs and extremities in order to 
maintain normal physiologic function. Coordinated contraction of individual cardiac 
myocytes provides the mechanical force necessary to produce sufficient pressure and ensure 
that the more distant organs and extremities remain oxygenated. Before cardiac myocytes 
may contract, they must first be stimulated in order to begin the sequence of events which 
results in an intracellular calcium (CaO rise, which in turn precipitates actin-myosin binding 
and results in contraction. The electrical signature of this series of events is reflected in the 
cardiac action potential (AP), a segment of a transmembrane voltage (V m ) recording which 
indicates electrical excitation (depolarization) and relaxation (repolarization) of the 
myocardium. 

The morphology, duration, and amplitude of the cardiac AP are important markers of 
electrical activity in the heart. Studies of the cardiac AP have provided important insights into 
the mechanisms which drive the transition from a normal, healthy heartbeat toward a deadly 
cardiac arrhythmia. 

Early recordings of the cardiac AP were obtained using microelectrodes [1-6]. 
Although this method was highly effective in tracking temporal changes in the V m of 
individual cells, the method could not be easily applied to the problem of tracking 
excitation over a region of tissue. Extracellular electrode mapping offered a partial solution 
to this problem and was sufficient to determine activation times in regions of tissue, but 
with this method the details of repolarization were lost and had to be estimated using 
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indirect indicators. And for practical purposes, this method required that the electrodes be 
in direct contact with the tissue. This made defibrillation studies difficult since large 
amplitude defibrillation shocks typically obscure the details of activation during electrical 
recordings. Monophasic action potential (MAP) recordings were capable of elucidating the 
details of repolarization without damaging tissue, and have even been recorded in the 
beating human heart using a cardiac catheter [7]. However they too were restricted by 
having little or no spatial resolution and could not be placed in close contact with each 
other. As with extracellular electrodes, MAP recordings require that the electrodes be 
placed in contact with the tissue. 

With the emergence of V m -sensitive dyes in the 70’s, it became possible to interrogate 
cardiac tissue optically [8], and soon afterward optical methods were developed to interrogate 
multiple spots simultaneously in a small (-cm ) region of tissue. Since then the field of 
cardiac optical mapping (COM) has greatly expanded in scope, from relatively simple early 
recordings using one or relatively few spots [8, 9] to highly complex optical systems. These 
include high spatiotemporal resolutions systems [10], panoramic systems [11, 12], and 
systems which are capable of interrogating electrophysiological activity beneath the surface 
[13]. In addition, several labs have used photodiode-based optical mapping systems to map 
V m and Cai simultaneously, on both the whole heart [14-17] and in monolayer cell cultures of 
cardiac myocytes [18-20]. 

Cardiac optical mapping systems have greatly increased our understanding in nearly all 
areas of cardiac electrophysiology, from basic studies of conduction patterns [21, 22] and 
effects of fiber geometry [23-26] to more clinical studies of defibrillation [27-30] and 
ablation therapy [31, 32]. Although COM has not yet led to a widely accepted method of 
three-dimensional cardiac tissue interrogation, there have been significant advances in this 
area as well. Investigators have successfully used optical surface recordings to determine 
wavefront orientation beneath the surface [33, 34], and also to interrogate deeper layers of 
tissue using transillumination methods [35] and near-infrared fluorescing dyes [36-38]. 

Photodiode sensors were used in some of the earliest optical recordings of cardiac APs 
[8, 39], and continue to be used today [40, 41]. Photodiodes function by transferring 
incoming photonic energy to bound electrons in a semi-conductive material in a transistor 
configuration. These energized electrons may then cross from one side of the transistor to 
the other, creating a voltage difference between the two sides. If a wire is connected from 
one side of the photodiode to the other while the photodiode is receiving photonic energy, 
current will flow in a very linear fashion with respect to the input intensity of the collected 
light [42]. This makes photodiodes an excellent choice as a detector in COM systems, and 
this fact has been reflected by their widespread use over the past 30 years. Examples of 
optical APs and activation maps recorded with a photodiode array-based system are shown 
in figure 1. 

Although other technologies such as CMOS and CCD cameras have recently gained 
popularity due to their higher spatial resolution, photodiode systems remain in use due to their 
ruggedness, high signal-to-noise ratios, excellent temporal resolution, versatility, and low 
cost. Recently, for example, photodiodes and photodiode arrays (PDAs) have been used in the 
construction of optrodes, a novel technique used to record optical signals from deeper 
intramural regions within the ventricular wall [13, 43-45]. 
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Figure 1. APs and activation maps for normal and irregular rhythms. For rows A and B, the horizontal 
bar beneath each recording indicates 1 second. Row A shows APs recorded during basic rhythm. Row 
B shows APs occurring with irregular diastolic intervals, followed by a long run of a ventricular 
tachyarrhthmia, triggered by the AP marked with an asterisk. The two rows in section C show a 
sequence of activation during basic rhythm, while the two rows in section D show a sequence of 
activation which took place during a premature beat which precipitated a sustained ventricular 
tachyarrhythmia (note the presence of two distinct activation sites). Frames are read from left to right, 
and then top to bottom. Each successive frame is 1 ms apart. Lighter areas on the map indicate tissue 
undergoing activation. 


Basic Principles of Cardiac Optical Mapping 

Epi-illumination occurs when the fluorescence emission detector is placed on the same 
side of the tissue as the excitation source, whereas with trans-illumination the detector and 
excitation source are placed on opposite sides. For monolayer mapping systems, both epi and 
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trans-illumination are possible since cardiac monolayers are typically only a few tens of 
micrometers thick, permitting the passage of light. For whole-heart mapping systems which 
map excitation on the surface of the intact heart, epi-illumination is the preferred method 
since very little fluorescence is transmitted through the myocardial wall. 

The tissue being mapped must be illuminated using an excitation source, which excites at 
least one parameter-sensitive dye in order to elicit a fluorescent signal. Changes in a targeted 
physiological parameter cause changes in the properties of the dye (e.g., a conformational 
change in the dye molecules). This results in a change in the emission spectrum of the dye, 
which is then recorded by a detector (e.g., a PDA), digitized, and stored on a PC for post- 
experimental analysis. 



Figure 2. Top-down view of a typical PDA-based optical mapping system. The thin rectangular boxes 
marked A, B, and C represent fluorescence band pass, long pass, and excitation band pass filters, 
respectively. The long pass filter B is housed in an optical cube. The oval-like shape marked D 
represents the heart, which is pressed against a flat plate in order to create a two-dimensional surface so 
that the entire mapped region lies on the focal plane. Electrically connected components are separated 
by a thin solid line, while optically connected components are separated by hollow rectangles. 

Changes in fluorescence due to changes in the physiological parameter are often 
measured as a fraction of the baseline fluorescence. This is an important parameter in optical 
mapping, and is known as fractional fluorescence (AF/F). Fractional fluorescence is useful 
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because it is a measure the effectiveness of a particular dye in transducing a physiological 
signal into recordable fluorescent emission. Fractional fluorescence also indicates the general 
effectiveness of the system, and higher AF/F values are typically accompanied by higher 
signal-to-noise ratios. Transmembrane voltage is the most commonly studied physiological 
parameter in optical mapping, but intracellular calcium transients (CaiT) have also been 
studied extensively. 

There are several variations of the COM system, however there are basic components that 
are common to all systems. These basic components include an excitation source, detector, 
and electronic components used for digitization, filtration, and multiplexing. A schematic for 
a typical whole-heart mapping system is shown in figure 2. 


Excitation Source 

The excitation source may be either focused (i.e. laser light) or broadfield illumination 
(using halogen or tungsten sources). Laser light sources have sufficiently narrow bands so as 
not to interfere with the fluorescence emission, however broadfield sources should be pre- 
processed using optical filters in order to decrease the width of their wavelength spectrum 
before illuminating the target (i.e., the heart). In general, brighter excitation sources lead to 
higher AF/F values, however the intensity of the excitation source cannot be increased 
without regard for photobleaching , which occurs when the dye emission decreases in 
intensity due to overexposure of dye molecules to excitation light [46, 47]. 

Detector 

There are several types of detectors that are currently in use for COM, however the focus 
of this review is upon those detectors which are photodiode-based. Other detector types will 
be discussed for the purpose of comparison. 

Current alternatives to PDAs include photomultiplier (PMT) systems, charge-coupled 
device (CCD) cameras, and complimentary metal-oxide semiconductor (CMOS) cameras. 
PMT systems have an extremely high gain (up to 10 increase in intensity), and can even be 
used in a process call “photon counting” whereby the release of individual photons may be 
recorded. PMT systems are capable of extremely high sensitivity, and typically have a 
quicker response time than photodiode systems. However for typical optical mapping 
applications, the sensitivity and response time of photodiodes is more than sufficient. 
Typically, PMT systems employ sequential rather than simultaneous recordings of adjacent 
spots. However, due to their rapid response time they may be coupled with a laser scanner to 
produce acquisition rates equivalent to those seen in photodiode-based systems. For example, 
a laser scanner which scans at 256 kHz with a 256-spot grid is essentially equivalent to a 
PDA-based 256-spot system which scans at a rate of 1 kHz. For this example, there will be a 
time difference of ~1 ms between the 1 st and 256 th spots scanned. 

Cameras using CCD technology typically have impressive spatial resolution, however 
these systems have not been able to achieve the same temporal resolution as PDA-based 
systems until recently. The CardioCCD-SMQ (RedShirt Imaging, Decatur, GA) currently 
offers a spatial resolution of 80x80 while achieving a temporal resolution of 2000 frames per 
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second (fps). The CCD camera may achieve higher temporal resolution and/or higher signal- 
to-noise ratios by a process known as “binning,” however this process decreases the spatial 
resolution of the camera, the major advantage of CCD technology. When using the CCD 
camera for cardiac mapping experiments, light saturation may be an issue and thus gain must 
be carefully controlled. Typically this is less of a problem with PDA systems. 

Although more costly than either CCD cameras or PDAs, the CMOS camera boasts 
exciting technology that has recently become capable of delivering extremely high 
spatiotemporal resolution. RedShirt Imaging lists the CardioCMOS-128f as being capable of 
recording 128x128 spots at an acquisition rate of 10,000 fps (RedShirt Imaging, LLC, 
Decatur, GA). 

The PDA, as well as the individual photodiode, remains a cost-effective and rugged 
solution to a wide variety of problems within the field of COM. Photodiode arrays boast a 
wide spectral response, high dynamic range, and high temporal resolution. The PDA is 
typically a rugged device and can operate in high-light conditions typical in most laboratory 
experiments, while still delivering a high signal-to-noise ratios. Due to their robust nature and 
versatility in a wide variety of applications, photodiode-based systems remain the 
“workhorse” detector in COM. 


Filtration, Digitization and Multiplexing 

Optical signals are subject to several types of noise which must be removed in order to 
study the details of the cardiac AP. We will briefly review the types of noise most relevant to 
COM systems. Various types of white noise are ubiquitous throughout all types of 
electronics, and are typically of frequencies well above those of cardiac signals. Thus low 
pass filters are frequently used to help remove white noise. Sixty-cyle is another type of noise 
that is often encountered when collecting optical signals. This noise may contaminate signals 
by way of electromagnetic waves from power outlets, or may be introduced if equipment used 
in optical mapping experiments is powered using AC power (i.e., if the equipment is not 
isolated). It may be alleviated by the use of a Faraday cage and/or the use of a band-stop (i.e., 
notch) filter centered at 60-Hz. Mechanical vibrations may also affect optical signals, and can 
range from fluctuations in air current to vibrations due to foot traffic. Sources of mechanical 
vibrations are highly varied in nature, and must be dealt with on a case-by-case basis. A 
research-grade optical table with active isolation should be sufficient to suppress most sources 
of mechanical noise. Optical recordings may also contain drifts in basline voltage due to 
several sources. These include photobleaching, dye washout, and dye internalization in the 
inner leaflet of the cell membrane. One way to reduce the impact of these noise sources is to 
employ the technique of ratiometry [46], which will be discussed in the following section. 

Many optical devices, including photodiodes and photomultiplier tubes, record analog 
signals that must be digitized before being stored on a PC. Digitization equipment must have 
sufficient speed and throughput in order to follow the high spatiotemporal resolution required 
for modem optical mapping applications. A recent article by Entcheva et al. summarizes the 
state of the art in this sub-field of COM [48]. 

When data is recorded from a two-dimensional grid of sites simultaneously, the most 
intuitive storage method is a two-dimensional matrix of values. However, prior to storage on 
a PC, this data must be routed from the digitization equipment to the PC. This requires 
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arranging the data in a sequential fashion, a process known as multiplexing. For a 16x16 
element PDA, data for a single millisecond might be arranged from sites 1 to 256 and then be 
sequentially sent to the PC for storage. Following this, the data could then be demultiplexed 
and arranged in matrix form, a more logical form for creating activation maps and other 
graphics to assist with visualizing the data. 


Pre/Post-Conditioning of Optical Data 

In contrast to electrical signals, optical signals are highly sensitive to heart motion. 
Various methods have been developed in order to reduce the “motion artifacts” which are 
often present in optical signals. These motion artifacts are thought to be the result of a change 
in the location of the mapped region on the heart surface, where a fluorescence gradient 
typically exists [49]. Methods to reduce motion artifact include physically restraining the 
heart [50, 51], the use of electromechanical uncouplers [52-55], and the technique of 
ratiometry [43, 46, 47]. Physically restraining the heart reduces motion artifacts simply by 
limiting the extent to which the heart can move during contraction, thus limiting the amount 
by which the mapped region moves with respect to its original position on the heart. 
Electromechanical uncouplers work by a variety of methods, but most have an effect upon the 
actin-myosin cytoskeleton which is responsible for contraction. Electromechanical uncouplers 
should be used with care, as some studies have shown that these agents can affects various 
parameters of the cardiac AP and may also effect the dynamics of ventricular fibrillation (VF) 
[56-59]. 

Ratiometry is a signal processing method that requires the use of two recorded optical 
signals, each of a different wavelength spectrum. We will refer to the longer wavelength 
signal as “red” and the shorter wavelength signal as “green”. When a V m -sensitive dye is 
excited, the peak of the emission spectrum of the dye shifts toward shorter wavelengths 
(green). Thus the green signal would show an increase in fluorescence intensity while the red 
signal would show a corresponding decrease in intensity. Using this method, an upright 
cardiac AP would be recorded in the green signal while an inverted (or “upside-down”) AP 
would be recorded in the red signal. The important thing to consider is that the emission 
signal corresponding to V m is emitted at a relatively narrow frequency band. Contrastingly, 
emission due to motion is not heavily wavelength-dependent, and will cause the change in 
fluorescence signals in the same direction regardless of the signal type. Since the motion 
signals are common to both collected wavelengths, we may reduce motion artifacts by simply 
taking the ratio of the green signal to the red on a point-by-point basis. This will cause a 
significant reduction in the motion artifact, and will allow us to study the electrical behavior 
alone. This technique could be achieved in the laboratory by using dual PDAs and separating 
fluorescence emission into two wavelength bands, one above and one below the peak 
emission wavelength of the dye of interest. In addition to motion artifact removal, ratiometric 
signals have also been used to study movement artifacts optically. This may be achieved by 
subtracting the electrical signal from the signal containing both electrical and motion 
components [49]. 

Since fibrillation (both ventricular and atrial) is a topic of great clinical and theoretical 
interest, considerable effort has been expended in order to analyze data recorded from the 
fibrillating heart. This data is challenging to interpret, since recordings of fibrillation often 
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have a chaotic appearance when viewed with time as the horizontal axis. Thus a variety of 
alternate methods have been used to gain insight into the nature of fibrillation, including 
dominant frequency analysis [60-67] and mutual information [68, 69]. More recently the use 
of a metric known as spatiotemporal entropy has been used to analyze oscillatory dynamics in 
cardiac and neural systems [70, 71]. 

Dominant frequency analysis involves use of the Fourier transform to examine the 
frequency content of fibrillation recordings. Some groups have used dominant frequency 
analysis to support the theory of a “mother rotor” (i.e., a high-frequency region of the heart 
that drives fibrillatory activity) [52, 72, 73], however this issue remains controversial [74]. 
Others believe that fibrillation is maintained by the constant creation and annihilation of 
wavelets which occur due to functional and anatomical heterogeneities [75-79]. More 
recently, some groups have concluded that fibrillatory activity may be driven by both 
mechanisms, depending on the conditions in the heart [80-83]. 

Mutual information techniques have been used to examine the relationship between V m 
and Cai. Algorithms assign a numerical value for individual signals in order to quantify the 
degree of similarity between V m and Cai during fibrillation and to give insight into the 
mechanisms of arrhythmogenesis and the maintenance of fibrillation; however, mutual 
information must be calculated for individual signal pairs and by itself does not indicate 
spatiotemporal heterogeneities in V m /Cai relationships. 

Spatiotemporal entropy has been used to quantify the degree of uncertainty in both time 
and space by considering them as lumped parameters, and analyzing activations in the context 
of space-time cubes (i.e., stacked two-dimensional optical maps with time as the third 
dimension). Spatiotemporal entropy has been used to analyze neural simulations as well as 
oscillatory dynamics in cultured cell monolayers [70, 71]. Spatiotemporal entropy analysis is 
appealing when analyzing optical mapping data, since one of the major strengths of optical 
data is its spatial resolution. 


Recent Advances in Cardiac Electrophysiology Research Using 
Photodiode Arrays 

This section will showcase three recent optical mapping studies from this lab which 
examine cardiac arrhythmia mechanisms [17, 84, 85]. We first discuss a study which 
examines APs in the context of an animal model of Long QT syndrome, and then move on to 
discuss two studies which examine the relationship between V m and Cai during ischemia. The 
first study [84] used a single 12x12 PDA to record transmembrane potential, while the last 
two studies [17, 85] used a photodiode-based system which simultaneously records V m and 
Cai with two separate 16x16 PDAs (see figure 3 for a schematic of the simultaneous dual¬ 
measurement system). For all three studies, the whole-heart guinea pig (GP) Langendorff 
model was used, where the heart is suspended to freely hang on a small cannula by its aorta. 
Heated (-37° C), oxygenated Tyrode’s solution is pumped retrogradely through the aorta in 
order to nourish and oxygenate the heart via the coronary arteries. The first study [84] we 
discuss uses the Anthopleurin-A (AP-A) neurotoxin to simulate the effects of a genetic 
disorder, the long QT syndrome 3. The following two studies [17, 85] simulated the condition 
of global ischemia (i.e., oxygen deprivation) by temporarily interrupting perfusion into the 
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coronary arteries. These studies used the guinea pig animal model, which is similar to humans 
in terms of AP morphology and calcium handling in cardiac myocytes. 



Figure 3. Optical mapping diagram for simultaneous V m and Ca; measurements. For panel A), the 
position of each filter is indicated by thin curved lines with arrowheads, and the characteristics of the 
filters are underlined (high pass filters are indicated by a single number, whereas band pass filters have 
number ± band). The calcium and voltage PDAs are shaded gray. The large color-filled lines indicate 
the path of the given color of light. The excitation source is the bottom component in panel A). Panel B) 
shows an map of optical signals, and panel C) shows enlarged traces of the indicated pixels. The blue 
signal in panel C) represents V m , whereas the red signal indicates the Ca^ 

Study 1: Long QT syndrome (LQTS) may be either genetic or acquired. LQTS typically 
occurs due to an alteration of normal transmembrane ion channel structure in the cardiac cell 
membrane. This causes changes in ionic currents which are modulated by these channels, 
giving rise to a prolongation of the APD. On a clinical electrocardiogram, this is manifested 
as an increase in the duration between the QRS complex and the T wave, hence the name long 
QT syndrome. 

It is known that both the congenital and acquired forms of LQTS are commonly 
associated with the occurrence of polymorphic ventricular tachycardia, also known as 
Torsades de Pointes. Experimental evidence shows that in LQTS, there is an increase in the 
tridimensional spatial dispersion of repolarization in the ventricles [86]. Spatial dispersion of 
repolarization occurs when tissue in various regions of the heart recover at different times. 
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Whenever there is dispersion of repolarization, a premature AP can result in functional 
conduction block and set the stage for the development of reentrant tachyarrhythmias [86, 
87]. With the use of optical mapping, it is possible to evaluate epicardial spatial dispersion of 
action potential duration (APD), i.e. spatial dispersion of repolarization. 

The purpose of this study was to examine the contribution of spatial dispersion of 
repolarization to arrhythmogenesis in an experimental guinea pig heart model of LQT3. The 
neurotoxin AP-A, derived from the sea anemone Anthopleura xanthogrammica , was used to 
simulate the effects of LQT3. AP-A works by interacting with sodium channels to alter the 
channel inactivation kinetics, leading to continuous sodium current and lengthening of the AP 
plateau phase and hence prolongation of the APD. The potentiometric fluorescent dye di-4- 
ANEPPS was used to measure optical APs. In a subset of animals, liquid nitrogen was used to 
ablate the subendocardial layer of the heart, in order to determine the role of this layer in 
arrhythmogenesis in the context of an LQT3 model. 

The study confirmed that the AP-A GP model of LQT3 is in fact an appropriate surrogate 
model for investigating the electrophysiologic consequences of nonuniform APD distribution 
along the epicardial wall. A quantitative description was made of the spatial changes in AP 
characteristics in response to the rate at which the heart was paced (i.e., cycle length). Results 
showed that the differences in epicardial APD along the ventricular wall were dramatic (see 
figures 4 and 5). Results also indicate that APD differences along the ventricular wall are 
important to the genesis of ventricular tachyarrythmias associated with LQT3. Further, it was 
found that although endocardial ablation halted spontaneous ventricular tachyarrhythmias, the 
heart remained vulnerable to a premature stimulus due to the presence of a substrate of spatial 
dispersion of repolarization. 



CONTROL 




Reproduced with permission from Restivo et al., 2004. 


Figure 4. Cycle length (CL) dependence of APD for control vs. experimental LQT3 model 
(Antopleurin-A). Control APs were taken at 200, 250, 300, 400, and 600 ms CLs while the 
anthopleurin-A APs were taken at 200, 250, 300, 400, 500, and 600 ms. The approximate position of 
the optical grid on the heart is shown to the right of the top trace. 
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Reproduced with permission from Restivo et al, 2004. 


Figure 5. Cycle length-dependent spatial dispersion of repolarization. The top three maps show how 
increased pacing cycle lengths result in increasingly greater spatial dispersion of repolarization. The 
bottom panel shows superimposed APs recorded from the base to the apex of the heart, demonstrating 
the changes in APD that occur over the surface of the heart. For the grid to the right of the bottom 
panel, the top of the optical map (base of the heart) is indicated by the straight arrow. 


Study 2: This study examines spatial dispersion of repolarization in the context of global 
ischemia, and also the role spatial dispersion plays in the development of electrical altemans. 
Electrical alternans is a term used to describe beat-to-beat alterations in AP morphology. For 
example, a one-to-one APD altemans occurs when a normal AP is followed by a short- 
duration AP, which is then followed by normal AP, short-duration AP, and so on. Electrical 
altemans are considered to be a strong marker of electrical instability, and often precede 
malignant arrhythmias such as ventricular tachycardia (VT) and VF [88-94]. In this study, we 
examine another example of the importance of spatial dispersion, but this time in the context 
of global ischemia. 

In this study by Lakireddy et al. [85], ischemia-induced changes in APD and intracellular 
calcium transient duration (CaiT-D) were determined, and their relationship with electrical 
altemans was investigated. Recordings show that ischemia resulted in a significant decrease 
in APD, but resulted in a significant increase in CaiT-D. In addition, changes in APD were 
spatially heterogeneous while changes in CaiT-D were relatively homogeneous (see figure 6). 
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Reproduced with permission from Lakireddy et al., 2005. 

Figure 6. APD and CaiT-D during normal perfusion and into ischemia. Scales to the right indicate the 
shade of a given APD or CaiT-D. 


Sites with less shortening of APD displayed altemans in both CaiT-D and APD, while sites 
with more shortening of APD displayed CaiT-D altemans but little or no APD altemans, 
leading to a condition of significant spatial dispersion of the APD. The condition of increased 
spatial dispersion due to ischemia is thought to account for the vulnerability of the heart to 
altemans. 
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Study 3: In a second study by Lakireddy et al. [17], the association between 
arrhythmogenesis and spontaneous calcium oscillations (S-CaOs) was examined in the intact 
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heart. It is known that ischemia/reperfusion leads to elevated Cai and an alteration in Cai 
kinetics [95-97]. This alteration in normal Cai kinetics can lead to S-CaOs. Under such 
conditions, the normal master/slave relationship between V m /CaiT signals is reversed (i.e., 
calcium signals precede and drive V m ). 

The goal of this study was to investigate the correlation between S-CaOs and 
arrhthmogenesis using an experimental GP model with 15 minutes of no flow ischemia 
followed by 15 minutes of reperfusion. Changes in Cai and Vm in a limited zone of the 
epicardial surface of the GP heart were simultaneously recorded and carefully examined. The 
study provided evidence of a linkage between S-CaOs and arrhythmogenesis in the setting of 
ischemia/reperfusion (I/R). In the intact heart during I/R, spontaneous premature beats (PBs) 
occurred and were ubiquitous. Some PBs initiated a VT or VF (see figure 7), while others 
remained confined to their site of origin and did not result in an arrhythmia (see figure 8). 



Reproduced with permission from Lakireddy et al, 2006. 



Figure 7. Concealed spontaneous calcium oscillations (S-CaOs). Recordings were obtained from an 
experiment in which localized S-CaOs developed during an episode of self-terminating VF and 
continued uninterrupted after the resumption of spontaneous cardiac rhythm. Panel I illustrates the 
initiation of VF. Panel II shows recordings from three representative pixels (marked by different colors 
in the map of the optical field, seen to the right of the traces). After the self-termination of VF (at 
approximately 12 seconds), the majority of the optical field showed a pause with no electrical activity 
(trace C of panel II), while the localized S-CaOs continued. 
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Two important observations had to be made in order to link an arrhythmia to S-CaOs in 
the experimental model. First, the beginning of S-CaOs preceded the onset of the 
simultaneously recorded membrane depolarization by 2-15 ms at a very restricted site in the 
optical field. In recordings obtained further away from the focal site of origin, the relative 
amplitude of the S-CaOs gradually decreased and the start of membrane depolarization 
preceded the onset of S-CaOs. Second, the presence of some degree of conduction block, 
which by definition is the failure of S-CaOs to trigger a fully propagated response, was 
essential for the localization of the focal site of origin. In conclusion, this study demonstrated 
that S-CaOs may remain concealed (and hence benign) or may manifest as PBs, VT or VF. 




Time (sec) 

Reproduced with permission from Lakireddy et al, 2006. 

Figure 8. Calcium oscillations confined to a site within the mapping field. The top, middle, and bottom 
traces show recordings from the red, green, and blue regions of the mapping field, respectively. The top 
trace shows regular calcium oscillations driving V m . The middle trace shows the presence of calcium 
oscillations which are significantly depressed with respect to those in the top trace, and do not precede 
V m . The bottom row shows that the calcium transients are being driven by voltage, implying that the 
calcium oscillations in the red region of the map have failed to escape the red/green region of the map 
and propagate through to the blue region. 


Recent Advances in Cardiac Optical Mapping 

We will now turn to briefly discuss a few of the important recent advances in COM. 
Optrodes are bundles of microscopic fiberoptic cables which are inserted into cardiac tissue in 
order to interrogate intramural activation patterns. They are similar to plunge needle 
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electrodes in their usage; however optrodes are capable of measuring complete APs, 
including the repolarization phase, whereas plunge electrodes measure extracellular potentials 
only. It is thought that in the future optrodes will play an important role in more carefully 
examining transmural dispersion of repolarization, an important factor in arrhythmogenesis in 
a variety of cardiac diseases [86, 98-100]. Optrodes may also be important in the study of the 
dynamics of arrhythmic circuits, since they are often present deeper in the myocardial wall 
[101-103]. However, like plunge electrodes optrodes must also be inserted into the tissue and 
therefore cause damage which may by itself alter activation patterns. Thus the effects of this 
insertion must be carefully considered when interpreting intramural data [104]. Photodiodes 
have played a critical role in the construction of optrodes [13, 44, 45]. 

Several groups have recently begun to use multiple cameras to simultaneously interrogate 
multiple viewpoints of the epicardial ventricular wall [11, 12, 105-107]. In addition, some of 
these groups use additional cameras to recreate the geometry of the heart in order to properly 
orient optical maps from several cameras on the epicardial surface [11, 107]. Most Panoramic 
optical mapping systems are based on CCD technology, however systems have also been 
built using multiple PDAs [108]. Panoramic optical mapping does not address the problem of 
lost depth information, but does provide a significant improvement over traditional optical 
mapping which only maps a limited region on the epicardial surface. 

The use of monolayer cell cultures in COM also represents an important advance, 
allowing for highly controlled studies of basic conduction as well as studies to elucidate 
fundamental arrhythmic mechanisms [18, 29, 109-112]. An appealing aspect of the cardiac 
monolayer is that it allows us to study conduction in cardiac tissue without the complexity 
associated with the three-dimensional whole-heart Langendorff model. Since the cardiac 
monolayer is essentially two-dimensional (only tens of micrometers thick while being tens of 
millimeters in diameter), the entire monolayer may be mapped; therefore data interpretation is 
not complicated by the absence of missing depth information. And although the monolayer is 
technically three-dimensional, typical optical mapping systems interrogate at sufficient depths 
so that no information is lost beneath the surface [113]. Despite being similar to whole-heart 
mapping in many respects, the actual practice of monolayer mapping carries with it 
significant challenges, and is in many respects more difficult than whole-heart mapping [48]. 

In conclusion, photodiodes have played an essential role in the development of the field 
of COM. They were used in the earliest COM systems and continue to have widespread use 
today, both in rudimentary applications as well as more advanced designs such as optrodes 
and panoramic systems. Applications for photodiodes within COM continue to emerge, and 
will likely remain a vital part of this important and ever-expanding branch of cardiac 
electrophysiology research. 


List of Abbreviations 


AP - action potential 

AP-A - anthopleurin-A 

APD - action potential duration 

Cai - intracellular calcium 

CaiT - intracellular calcium transient 

CaiT-D - intracellular calcium transient duration 
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CCD - charge-coupled device 

CMOS - complimentary metal-oxide semiconductor 

COM - cardiac optical mapping 

CL - cycle length 

GP - guinea pig 

I/R - ischemia/reper fusion 

LQTS - long QT syndrome 

LQT3 - long QT syndrome 3 

PB - premature beat 

PDA - photodiode array 

PMT - photomultiplier tube 

TdP - Torsades de Pointes 

VF - ventricular fibrillation 

V m - transmembrane voltage 

VT - ventricular tachycardia 
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Abstract 

Bladder dysfunction (urinary urgency / frequency) is a common non-motor disorder in 
Parkinson’s disease (PD), which significantly affects quality of life in the patients. According 
to the animal studies and the clinical imaging studies, basal ganglia circuit influences not only 
motor but also bladder function. Bladder (detrusor) overactivity is the major cause of bladder 
dysfunction, which considered an exaggerated micturition reflex in PD. The net effect of the 
basal ganglia on micturition is thought to be inhibitory. Functional neuroimaging during 
bladder filling resulted in activation in the globus pallidus of normal volunteers and in the 
putamen in patients with PD. In contrast, dopamine transporter imaging was decreased in PD 
patients with urinary dysfunction than in those without it. Bladder overactivity can be 
reproduced in experimental parkinsonism. Electrical stimulation of the substantia nigra pars 
compacta (SNc) inhibited the micturition reflex, and striatal dopamine levels in situ 
significantly increased in the urinary storage phase. The micturition reflex is under the 
influences of dopamine (both inhibitory in D1 and facilitatory in D2) and GABA (inhibitory). 
Both the SNc neuronal firing and the released striatal dopamine seem to activate the dopamine 
Dl-GABAergic direct pathway , which not only inhibits the basal ganglia output nuclei, but 
also may inhibit the micturition reflex via GABAergic collateral to the micturition circuit. 
Intracerebroventricularly administered dopamine inhibits the micturition reflex, and high 
frequency stimulation in the subthalamic nucleus results in bladder inhibition. In patients with 
PD, disruption of this pathway may lead to bladder overactivity and resultant urinary 
urgency/frequency. Manifestation of the disrupted basal ganglia circuit on bladder function in 
patients with Parkinson’s disease and its clinical management are reviewed briefly. 

Key words: basal ganglia; bladder function; dopamine; Parkinson’s disease; autonomic 
nervous system. 
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Introduction 

Parkinson's disease (PD) is a common movement disorder associated with the 
degeneration of dopaminergic neurons in the substantia nigra (1). In addition to the movement 
disorder, patients with PD often show non-motor disorders. The non-motor problems of PD 
include neuropsychiatric disorders, sleep disorders, sensory symptoms, and autonomic 
disorders (2). The autonomic disorders in PD include bladder dysfunction, constipation, 
erectile dysfunction, drooling, dysphagia, postural hypotension, decreased sweating, 
seborrhea, and weight loss, among which bladder dysfunction is the most common (3,4). 
Studies have shown that the bladder dysfunction has greater significance when assessed by 
quality-of-life measures, early institutionalization, or health economics (5,6). It is particularly 
important to note that, in contrast to motor disorder, bladder dysfunction is often non- 
responsive to levodopa, suggesting that it occurs through a complex patho-mechanism (7,8,9), 
and for this reason, add-on therapy is required to maximize the patients’ quality of life. This 
chapter reviews the current concepts of basal ganglia and bladder function, with particular 
reference to bladder dysfunction in Parkinson’s disease. 


Normal Micturition and Detrusor Overactivity 

The lower urinary tract (LUT) consists of two major components, the bladder and urethra. 
The bladder is abundant with muscarinic M2,3 receptors and adrenergic beta 3 receptors, and is 
innervated by cholinergic (parasympathetic pelvic nerve; contraction) and noradrenergic 
(sympathetic hypogastric nerve; relaxation) fibers, respectively (10). The urethra is abundant 
with adrenergic alpha 1 A/D receptors and nictonic receptors, and is innervated by noradrenergic 
(sympathetic hypogastric nerve; contraction) and cholinergic (somatic pudendal nerve; 
contraction) fibers, respectively (Figure 1). The LUT performs two opposite functions, storage 
and emptying of urine, both of which need an intact neuraxis that involves almost all parts of 
the nervous system (Sakakibara and Fowler, 2001). This is in contrast to postural hypotension, 
which arises due to lesions below the medullary circulation center (11). 

Normal urinary storage is dependent on the autonomic reflex arc of the sacral spinal cord 
segments (10,12). The storage reflex is thought to be tonically facilitated by the brain, 
particularly the pontine storage center (13,14). The pontine storage center lies just 
ventrolateral to the pontine micturition center (PMC). In addition to the pontine storage 
center, the storage function is facilitated by the hypothalamus, cerebellum, basal ganglia, and 
frontal cortex. These areas have been shown to be activated during urinary storage by 
functional neuroimaging (15). In contrast, normal micturition is dependent on the autonomic 
reflex arc of the brainstem and the spinal cord (10). The micturition reflex is called the spino- 
bulbo-spinal reflex, particularly involving the midbrain periaqueductal gray (16,17,18,19) and 
the PMC (10,13). The PMC is located in or adjacent to the locus coeruleus (20,21,22). The 
PMC is thought to facilitate the sacral bladder preganglionic nucleus by glutamate (23), while 
inhibiting the sacral urethral motor nucleus (the Onuf s nucleus) by y-amino-butyric acid 
(GABA) and glycine (24). The voiding function seems to be initiated and facilitated by the 
higher brain structures, e.g., the hypothalamus and prefrontal cortex, which seem to lie in 
close vicinity to, or overlap, the storage-facilitating area (15, 25). 
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The lower urinary tract consists of two major components, the bladder and urethra. The bladder is mainly 


innervated by parasympathetic pelvic nerve. The urethra is innervated by sympathetic hypogastric nerve and 
somatic pudendal nerve, respectively. Urinary storage is dependent on the reflex arc of the sacral spinal cord. 


The storage reflex is thought to be tonically facilitated by the brain, particularly the pontine storage center. 


The storage function is thought to be further facilitated by the hypothalamus, cerebellum, basal ganglia, and 


frontal cortex. Central cholinergic fibers from the nucleus basalis Meynert (NBM, also called as Ch4 cell 
group) seem to facilitate urinary storage. Micturition is dependent on the reflex arc of the brainstem and the 
spinal cord, which involves the midbrain periaqueductal gray (PAG) and the pontine micturition center 
(located in or adjacent to the locus coeruleus [LC]). The voiding function is thought to be initiated by the 
hypothalamus and prefrontal cortex, which overlap the storage-facilitating area. 

PVN: paraventricular nucleus, MPOA: medial preoptic area, A: adrenergic/noradrenergic, ZI: zona incerta, 
VTA: ventral tegmental area, SNC: substantia nigra pars compacta, DLTN: dorsolateral tegmental nucleus, 


PBN: parabrachial nucleus, IML: IML cell column, GABA: y-aminobutyric acid, T: thoracic, L: lumbar, S: 
sacral 


Figure 1. Neural circuitry relevant to micturition. 
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Bladder (detrusor) overactivity (DO) is the major cause of urinary urgency/frequency and 
incontinence (26). In lesions above the brainstem, the micturition reflex arc is intact, where 
DO is considered an exaggerated micturition reflex (26,27). This is in line with the fact that 
the DO appearing after experimental stroke requires mRNA synthesis in the PMC (28). The 
exaggeration of the micturition reflex might be brought about not only by decreased 
inhibition of the brain, and might be further facilitated by glutamatergic and D2 dopaminergic 
mechanisms (29). 


Basal Ganglia Circuit and Dopamine 

The net effect of the basal ganglia on micturition is thought to be inhibitory (Figure 
2) (10,30,31), whereas in PD, in which the basal ganglia is affected, the bladder becomes 
hyperactive. Functional neuroimaging during bladder filling resulted in activation in the 
globus pallidus of normal volunteers (32) and in the putamen in patients with PD (33). In 
contrast, dopamine transporter imaging (indicating brain dopamine neurons) was 
decreased in PD patients with urinary dysfunction than in those without it (34,35). DO 
can be reproduced in experimental l-methyl-4-phenyl-l,2,3,6- tetrahydropyridine 
(MPTP) (36) or 6-OH-dopamine (31)-induced parkinsonism. Electrical stimulation of the 
substantia nigra pars compacta (SNc, the A9 cell group) inhibited the micturition reflex 
(37,38), and striatal dopamine levels in situ significantly increased in the urinary storage 
phase by a microdialysis technique (39). Although the details of the link between the 
basal ganglia circuit and the micturition circuit remain uncertain, the micturition reflex is 
under the influences of dopamine (both inhibitory in D1 and facilitatory in D2) and 
GABA (inhibitory) (10,30). Both the SNc neuronal firing and the released striatal 
dopamine seem to activate the dopamine Dl-GABAergic direct pathway (Figure 2), 
which not only inhibits the basal ganglia output nuclei (e.g., the internal glubus pallidus 
etc.), but also may inhibit the micturition reflex via GABAergic collateral to the 
micturition circuit (39,40,41). This notion is in line with the fact that 
intracerebroventricularly administered dopamine inhibits the micturition reflex (36), and 
the fact that high frequency stimulation in the subthalamic nucleus results in bladder 
inhibition (41,42). In patients with PD, disruption of this pathway may lead to DO and 
resultant urinary urgency/frequency. 

In addition to the nigrostriatal dopaminergic fibers, the ventral tegmental area (VTA, the 
A10 cell group)-mesolimbic dopaminergic fibers are thought to be involved in the higher 
control of micturition (Figure 1). In 6-OH-dopamine-treated animals, the VTA lesions 
induced more severe bladder overactivity than SNc lesions did (43). Electrical or chemical 
stimulation of VTA elicited both facilitation and termination of the micturition reflex (38,44). 
Therefore, DO in PD might depend, at least in part, on the degeneration of the VTA- 
mesolimbic neurons in PD. 
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Cited from ref. 39 and 41; modified from Alexander et al. 1990. 

The micturition reflex (right-side pathway) is under the influences of dopamine (DA) (both inhibitory in D1 
and facilitatory in D2) and gamma-aminobutyric acid (GABA) (inhibitory). The substantia nigra pars 
compacta (SNc) neuronal firing and the released striatal dopamine seem to activate the dopamine DI- 
GAB Aergic direct pathway , which not only inhibits the basal ganglia output nuclei (e.g., the globus pallidus 
internus [GPi], substantia nigra pars reticulata [SNr]), but also may inhibit the micturition reflex via 
GABAergic collateral to the micturition circuit. High frequency stimulation (leading to inhibition) in the 
subthalamic nucleus (STN) also results in bladder inhibition. 

GPe: globus pallidus externus, VTA: ventral tegmental area, PMC: pontine micturition centre, Glu: 
glutamate; Black line: inhibitory neurons; White line: excitatory neurons; Hatched line: neurons of 
undetermined property. 

Figure 2. Possible relationship between basal ganglia circuit (left-side) and micturition circuit (right- 
side). 


Bladder Dysfunction in PD 

Lower Urinary Tract Symptoms 

The reported prevalence of LUT symptoms (LUTS) in patients with PD ranges from 38% 
to 71% (45,46,47). However, it has been difficult to determine to what extent PD is 
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contributing to the LUTS. This is because not only PD patients, but also men older than 60 
years of age may have an obstruction component to their urinary symptoms brought about by 
benign prostate hyperplasia. Women may have stress urinary incontinence. Similarly, 
“idiopathic DO” (12) may occur in men and women older than 65 years due in part to latent 
brain ischemia (48) In the above studies, most of the data were collected from patients who 
visited a urology, gynecology or internal medicine clinic because of their symptoms. 
Furthermore, some of the studies were published before the diagnosis of multiple system 
atrophy (MSA) (49) was recognized. 

In recent studies of PD patients who were diagnosed according to modem criteria 

(6.50.51.52) , the prevalence of LUTS was found to be 27-63.9% using validated 
questionnaires (50,51,52), or 53% in men and 63% in women using a nonvalidated 
questionnaire that includes a urinary incontinence category (6), with all of these values being 
significantly higher than the incidence rates in healthy controls. The majority of patients had 
onset of the bladder dysfunction after appearance of motor disorder. In one study, urinary 
incontinence in PD frequently occurred in conjunction with fecal incontinence, whereas no 
significant relation was observed between bladder and sexual dysfunction (6). Also, it is of 
particular importance to note that that bladder dysfunction substantially affects the quality of 
life in patients with PD (6). There has been shown a correlation between bladder dysfunction 
in patients with PD and neurological disability (50), and a correlation to stage of disease (6), 
both suggesting a relationship between dopaminergic degeneration and LUTS. LUTS was 
more common in a group of PD patients with older age than that with younger age, as it is 
seen in healthy populations (6). Among storage and voiding types of LUTS, storage 
symptoms are most common. Storage symptoms include nocturia (nighttime urinary 
frequency), which is the most prevalent symptom reported by patients with PD (>60%) 

(6.50.51.52) . Patients also complain of urinary urgency (33-54%) and daytime frequency (16- 
36%). Urinary incontinence is a marker for the severity of storage dysfunction, and this 
symptom was present in 26% of their male and 28% of their female patients with PD (6). 

Although less common than storage symptoms, PD patients also show voiding 
symptoms. In the study by Sakakibara and colleagues, the PD patients had significantly 
higher rates of retardation in initiating urination (44% of men only), prolongation/poor stream 
(70% of men only), and straining (28% of women only) compared with the control group (6). 
However, despite the voiding symptoms, PD patients have low post-void residuals. Therefore, 
it seems reasonable to say that overactive bladder (urgency/frequency syndrome) is a feature 
of bladder dysfunction in PD. 

Videourodynamics, Pressure-Flow Analysis and 
Sphincter Electromyography 

Bladder (Detrusor) Overactivity 

The storage phase urodynamic abnormalities in PD included reduced bladder capacity 
together with detrusor overactivity (DO), which is an involuntary phasic detrusor contraction 
(12), in 45-93% (45,46,53,54,55) and uninhibited external sphincter relaxation, which is an 
involuntary decrement of the sphincter electromyogram activity usually accompanying DO, 
in 33% (55) of patients, respectively. These findings represent the suprasacral type of 
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parasympathetic and somatic dysfunction. Therefore, DO can be the major contributing factor 
to overactive bladder in PD, which was equally found in both men and women. There is a 
correlation between DO and stage of disease (56). It is likely that these urodynamic 
abnormalities are relevant to the pathological lesions in PD, which result in neuronal loss of 
neuromelanin-containing cells in the nigrostriatal and VTA-mesolimbic system. 

Mild Weak Detrusor and Sphincter Obstruction 

Detailed pressure-flow analysis (12,56,57) of the voiding phase in PD has shown weak 
detrusor on voiding (40% of men; 66% of women) (55). There is a correlation between weak 
detrusor and stage of disease (56). A subset of PD patients had DO during storage but weak 
detrusor on voiding. This condition is known as detrusor hyperactivity with impaired 
contractile function (DHIC) (58), and has recently been estimated to occur in 18% of patients 
with PD (59). Although little is known about the pathophysiology of DHIC, it seems to be 
caused by multiple factors rather than a single factor. One possible mechanism for DHIC in 
PD is that not only bladder-inhibitory, but also bladder-facilitatory brain regions, such as 
PMC, are affected in this disorder. On the other hand, some older studies described detrusor- 
external sphincter dyssynergia or pseudo-dyssynergia in PD, and these findings were 
attributed to PD by analogy of bradykinesia of the limbs (60). However, in our patients with 
PD, detrusor-external sphincter dyssynergia was rare (55). In contrast, a pressure-flow 
analysis in PD revealed that half of the patients with PD showed mild urethral obstruction 
(55). The exact reason for the obstructive pattern in PD is uncertain. However, patients with 
PD are reported to have high resting urethral pressure, probably as a result of medication— 
i.e., levodopa and its metabolites, such as norepinephrine, which may contract the internal 
sphincter via alpha 1 A/D-adrenergic receptors. Mild weak detrusor and sphincter obstruction 
underlie the voiding symptoms in PD. However, in one study, average volume of post-void 
residuals in PD was 18 ml and none of the patients had post-void residuals of more than 100 
ml (55). 

Differential Diagnosis of Parkinsonism by Bladder Dysfunction 

DO is not disease-specific, and is commonly seen in other types of degenerative and 
cerebrovascular parkinsonism. In the differential diagnosis of PD and MSA, large post-void 
residuals, open bladder neck, and neurogenic change in sphincter motor unit potentials are all 
common in MSA (55,61), whereas they are rarely seen in clinically typical PD, suggesting 
relative sparing of the lumbosacral PGN and sacral sphincter motoneurons in PD. However, 
recent evidences suggest that PD with dementia, or dementia with Lewy bodies (62), may 
have large post-void residuals and neurogenic change in the sphincter motor unit potentials 
(63), both of which mimic MSA. 


Drugs and Bladder Function 
Dopaminergic Drugs 

It is possible that levodopa and other antiparkinson medication may affect bladder 
function in PD. Aranda and colleagues (64) studied the effects of subcutaneous injection of 3- 
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8 mg apomorphine on the storage function in 2 de novo PD patients (patients who have not 
had antiparkinsonian medication previously), and found that the bladder capacity increased. 
They gave oral levodopa to one of the patients, and the bladder capacity increased. We 
compared the frequency of bladder dysfunction in de novo PD and well-controlled PD with 
levodopa without the on-off phenomenon. In that study LUTS were fewer in the treated 
group, although the rates of DO were the same (56). In another study, after 3 months of 
treatment with levodopa, the storage urodynamic parameters were slightly improved in de 
novo PD (65). Based on these findings, we are currently following overactive bladder in de 
novo PD patients with levodopa or dopamine agonist alone. 

In contrast, in non -de novo patients, studies concerning the effect of dopaminergic drugs 
on micturition have produced conflicting results. Regarding overactive bladder, some reports 
have shown a storage-facilitating effect of dopaminergic drugs as follows. A questionnaire 
study has shown that in non -de novo patients, voiding symptoms (intermittency and sensation 
of residual urine) were more common in those taking levodopa and bromocriptine (D2- 
selective agonist) than in those taking levodopa alone (6). In contrast, Kuno and colleagues 
showed that change of bromocriptine to pergolide (Dl<2 agonist) brought lessening of 
nocturia (66), and Yamamoto described improvement of DO by pergolide (67). Both studies 
suggested that D1 receptor stimulation is an option for the treatment of overactive bladder. 
Benson and colleagues (68) studied the effects of 2000 mg of levodopa on LUT function in 2 
longstanding PD patients, and found that bladder capacity increased. However, after 
discontinuation of levodopa, the bladder capacity further increased in one of the patients, but 
decreased in the other. Other reports have shown a voiding-facilitating effect of dopaminergic 
drugs as follows. Christmas and colleagues (69) have studied the effects of subcutaneous 
injection of 3-8 mg apomorphine on the evacuating function in 10 ‘PD’ patients (although 
some of them had post-void residuals of more than 500 ml), and found that acontractile 
bladder became normal in 2, and post-void residuals was ameliorated in 6 of these patients. 
Fitzmaurice and colleagues (70) have described that, in advanced PD with the on-off 
phenomenon, DO worsened with levodopa in some patients and lessened in others. Winge 
and colleagues (71) found that the outcome of treatment with dopaminergic drugs on 
micturition in PD was unpredictable. Recent studies have shown that in early PD (72) and 
advanced PD with the on-off phenomenon (9), a single-dose of levodopa exacerbates DO in 
the filling phase, but also improves bladder emptying through increased detrusor contractility. 
We still do not know the exact reasons for the discrepancy. 

There are several factors underlying the complex bladder behavior in non -de novo PD 
patients. Post-synaptic dopamine D1 (excitatory) and D2 (inhibitory) receptors have a 
millimolar affinity to dopamine, whereas dendritic D2 (inhibitory) autoreceptors have a 
picomolar affinity to dopamine (73). Therefore, when levodopa is administered externally, it 
may first stimulate dendritic D2 autoreceptors, which might suppress the NSDN and facilitate 
the micturition reflex. In cases of PD under long-term treatment with levodopa, dopamine 
receptors are down-regulated and potential hypersensitivity might occur (74). Bladder 
hyperactivity might also involve an activation of D2 receptors in the spinal cord (75), which 
receive dopaminergic fibers from the hypothalamic All cell group. Peripheral dopamine D1 
and D2 receptors also exist in the bladder (76), although their exact role has not been 
delineated. 
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Cholinergic Drugs 

Anticholinergics (77) are generally used as a first-line treatment for overactive bladder. 
However, it is important to balance the therapeutic benefits with the adverse effects of these 
drugs. When the dose of drug increased, post-void residuals may appear (77). Dry mouth due 
to the blocking of M3 receptors in the salivary gland, and constipation due to the blocking of 
both M2 and M3 receptors in the bowel are common (78). Cognitive adverse events by 
anticholinergics are a concern particularly in the elderly. For example, trihexyphenidyl (for 
PD) and oxybutynin (for overactive bladder) proved to have central side effects (79,80). 
Factors contributing to the central effects of drugs may include receptor subtype-selectivity 
and blood-brain barrier (BBB) penetration (81). The cerebral cortex is abundant with 
muscarinic Ml receptors. Whereas most anticholinergics are receptor-nonselective, 
darifenacin has selective M3 agonistic action and is less apt to block central Ml receptors. 
Among factors of BBB penetration, diffusion is facilitated by smaller molecular size (<450- 
500Da), neutrality or smaller polar surface area (<90A), and lipophilicity or smaller partition 
coefficient of water versus oil (logP<3) (27). Whereas most anticholinergics have neutrality, 
trospium is ionic and less apt to penetrate the BBB. Particularly in elderly patients who have 
hallucination or cognitive decline (PD with dementia/ dementia with Lewy bodies) (62,63), 
anticholinergics should be used with caution. 


Conclusion 

This article reviewed the current concepts of basal ganglia and bladder function, and the 
manifestation of basal ganglia dysfunction on the bladder in PD. The net effect of the basal 
ganglia on micturition is thought to be inhibitory. In PD, disruption of this pathway may lead 
to bladder overactivity and resultant urinary urgency/frequency. Levodopa seems to alter 
bladder function in patients with PD, although it is still unpredictable in each case. 
Longstanding cases with marked bladder overactivity may need peripheral anticholinergic 
agents, which are beneficial in maximizing patients’ quality of life. 
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Abstract 

The complexity of the device fabrication process for the complementary metal-oxide- 
semiconductor (CMOS) technology could greatly be reduced by the utilization of ambipolar 
thin film transistors. Wide variety of techniques was employed for the realization of such 
ambipolar TFTs. One such method which is simple and robust is discussed herein. The 
contribution to the occurrence of ambipolar conduction of a pentacene-based field-effect 
transistor can be realized by dual interface engineering, which occurs at the 
dielectric/semiconductor and electrode/semiconductor interface. The former utilized a 
hydroxyl-free interfacial modified layer, and the latter was made feasible by the use of 
appropriate metal source/drain electrodes and ultra-thin nano-scale chemical compound 
insertion layer. For a hydroxyl-free interfacial modified layer, polymethylmethacrylate 
(PMMA) and Polyvinyl Alcohol (PVA) are appropriate candidates, and one can use alkali 
halogen materials (e.g. LiF, CsF) or carbonate (e.g. Cs 2 C0 3 ) or metal oxide (e.g. MgO) or 
ultra-thin low work function metal (e.g. Ca) or polymer insulator (e.g. PMMA) etc for the 
enhancement of the carrier injection. The field-effect hole and electron mobility of around 
0.02 cm /V-s and 0.002 cm /V-s, respectively, were extracted from the transfer characteristics 
of pentacene organic field-effect transistors (OFETs) utilizing PMMA as the trap-reduction 
interfacial modified layer and A1 as the source and drain (S/D) electrodes. In addition, the 
mobility values for hole and electron are estimated as 0.01 and 0.009 cm /V-s, which were 
measured from pentacene organic field-effect transistors (OFETs) utilizing PMMA as the 
trap-reduction interfacial modified layer and LiF as the ultra-thin nano-scale chemical 
compound. One of the applications of the ambipolar transport is the organic light-emitting 
transistors, and light emitting transistors combine the light emission properties of an organic 
light-emitting diode and the switching properties of an organic field-effect transistor. Hence, 
the organic light-emitting transistors can further offer a new opportunity to the development 
of organic optoelectronic integrated circuit. Keeping in view of such window of applications, 
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the present article describes the fabrication routes and the demonstration of the ambipolar 
TFTs and their complementary circuits. 


Introduction 

Organic thin-film transistors (OTFTs) are currently an attractive research area because 
they can be fabricated at low temperatures with a simple fabrication process. Furthermore, a 
reduced processing temperature allows a wide range of materials for the flexible substrates, 
which makes OTFTs attractive for use in numerous low cost electronics applications [1-5]. 
Substantial progress has been made in developing OTFTs, whose electrical characteristics 
have already reached the level of hydrogenated amorphous silicon (a-Si:H) [6]. For next 
generation electronics and circuits, organic field-effect transistors (OFETs) are the key 
elements because of their extraordinary advantages, such as low cost, large area coverage, 
mechanical flexibility, and low temperature fabrications. Ambipolar FETs employing double 
layer scheme and bulk heterojunction configuration have been utilized to achieve 
complementary-like inverters [7-9]. However, it requires an additional deposition step and 
critical fabrication conditions [10,11]. Thus, ambipolar FETs with single organic 
semiconductor have to be addressed for ease of circuit design and simplification of the 
fabrication process. In general, pentacene FETs have been recognized as p-type devices, even 
with the low work function metal as source/drain (S/D) electrodes. In this present work, we 
demonstrate that ambipolar pentacene FETs can be achieved by an interfacial-modified layer 
made of PMMA. The presence of a PMMA layer significantly reduces the electron traps 
between pentacene and SiCE interface and makes the ambipolar FETs feasible for practical 
applications. 

It has been reported that engineering of the organic/electrode interfacial properties is 
crucial for achieving the balanced hole and electron injection for high performance ambipolar 
operations [12]. Incorporation of an injecting interlayers at organic/electrode interface has 
been widely used to approximate the “ideal” electrodes [13]. Recently, there have been 
various attempts made to improve the electron injection from an A1 cathode to an emitting 
layer by inserting a thin layer of alkali metal halides [14] and carboxylates [15]. Actually, 
those interlayers not only enhance the fraction of injected electrons, but also allow the top 
electrode to contact with the organic semiconductor, maintaining a symmetric device 
structure. Thus, in such a symmetric device structure, it is expected that both holes and 
electrons could be efficiently injected by inserting a thin interlayer. Although numerous 
research groups have inserted interlayer to enhance n-channel conduction for OTFTs [16], no 
reports were conducted wherein they function as bi-functional electrodes for ambipolar 
transport in organic semiconductors. 

In this communication, the importance of dual interface modification to facilitate 
ambipolar conduction has been investigated. The improved performance is primarily 
attributed to the reduced electron traps at S ^/semiconductor interface by incorporating an 
interfacial-modified layer made of polymethyl methacrylate (PMMA). Additionally, the metal 
with a suitable work function as source/drain (S/D) electrodes also helps to inject sufficient 
holes and electrons for effective observation of p- and n-channels in OFETs. For further 
enhancing the n-type behavior, the ultra-thin nanoscale LiF insertion layer is introduced and 
utilized as bi-functional source/drain electrodes. The presence of ultra-thin nano-scale LiF 
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insertion layer between semiconductor and S/D electrodes would equilibrate the hole and 
electron transport in ambipolar pentacene TFTs. 


Experimental 

The heavily doped p-type silicon (p + -Si) wafer and a 300 nm thermally oxidized Si0 2 
film were used as the gate and insulator of our ambipolar transistor devices, respectively. The 
substrates were cut to 2 cm x 2 cm in size through mechanical scribing. Prior to the 
deposition, the substrates were cleaned by acetone and isopropanol in an ultrasonic bath 
followed by UV-ozone cleaning for 15 min. The crucial interfacial-modifying layer was 
prepared by spin-coating a solution of PMMA (2 wt%) in tetrahydrofuran at 1000 rpm and 
with a thickness of around 150 nm. The PMMA-coated substrates were baked at 70 °C for 30 
min to remove the residual solvent. Then the wafers were quickly transferred to a vacuum 
chamber for the deposition of active layer. The semiconductor layer, consisting of a 50 nm 
thick pentacene layer, was then deposited at a growth rate of 0.2 A/sec, a substrate 
temperature of 60 °C, and a base pressure of 6 x 10" 6 Torr. Pentacene was used without 
further purification from Sigma-Aldrich. Finally, the 50 nm thick aluminum film was 
thermally evaporated onto the pentacene film through a shadow mask to form the S/D 
electrodes. In addition, Au, Ag, and Ca were also investigated as alternatives to the A1 as S/D 
contacts. The role of LiF on the performance of ambipolar TFT is also investigated. Ultra-thin 
LiF layer was then deposited using thermal evaporation onto the pentacene film and the 
thickness of the LiF layer was varied from 0 to 30 A. The length and width of channel were 
100 pm and 2 mm, respectively. The electrical measurements of the devices were performed 
at room temperature in a nitrogen environment inside a glove box by using HP 4156C and 
Keithley 4200 semiconductor parameter analyzer. 


Results and Discussion 

In the operation of ambipolar FETs, charge carrier transport strongly depends on two 
factors: (1) semiconductor/dielectric interface, where the charge transport takes place in the 
semiconductor layer, and (2) metal/semiconductor interface, where the charge injection 
occurs from the electrode into semiconductor. For the realization of ambipolar pentacene 
FETs, the devices were first fabricated on the Si0 2 gate dielectric and later on a PMMA- 
capped Si0 2 (PMMA/Si0 2 ) as the dielectric with A1 as S/D electrodes. However, the devices 
fabricated on a Si0 2 dielectric only exhibit a p-type behavior, even at a positive bias of 100 V 
to the gate and drain electrodes. The output and transfer characteristic of pentacene-based 
FETs fabricated on Si0 2 is shown in figures 1 (a) and 1 (b). In contrast, the devices fabricated 

on a PMMA/Si0 2 exhibit an ambipolar behavior for a gate voltage Vq = |40| V. According to 

Chua et al’s report [17], the reason why n-type behavior has previously been so elusive is the 
trapping of electrons at the semiconductor-dielectric interface by hydroxyl groups. Therefore, 
we use PMMA as the interfacial modification layer to reduce the silanols of the commonly 
used Si0 2 dielectric. PMMA contains no or minimal hydroxyl groups and the presence of 
PMMA layer will decrease electron traps at the interface and facilitate the accumulation of 
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1/2 

electrons. Figure 2 shows the plots of |/ds| and |/ds| versus F G . It can be observed that these 
devices exhibit strong field-effect modulations of channel conductance in the ambipolar 
operation with a threshold voltage (Vj) of -27 and 42 V for p- and n-type operations, 
respectively. The saturated drain current (/Ds,sat) is close to 7 x 10" A at Vg = 100 V for n- 
type operation and 5.5 x 10" 6 A at V G = -100 V for p-type operation. The field-effect mobility 
(ju) are extracted from the measured transfer curves by comparing it to the standard 
transistor’s current-voltage equation in the saturation regime: 

/ns.sat = (WCJIL^iiVo-Vj) 2 , 


where W and L are the width and length of channel, respectively, and Q is the gate dielectric 

2 

capacitance. The ju values for hole and electron are estimated as 0.026 and 0.0023 cm /V-s, 
respectively. 



v D (V) 

(A) 





(B) 


Figure 1. (a) Output and (b) transfer characteristic of our pentacene-based field-effect transistors 
fabricated on bare Si0 2 . 
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Figure 2. Transfer characteristics of |/ D | and |/ D | 1/2 vs. V G for ambipolar pentacene field-effect transistor 
in p- and n-channel operations. 
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Figure 3. Output characteristic of ambipolar pentacene field-effect transistors with different S/D metal 
electrodes (a) Au (b) Ca (c)(d) Ag. 
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The influence of the interface between semiconductor and metal for the pentacene FETs 
can be ascertained by varying the S/D electrodes. In this case, three different metal electrodes, 
Ag, Au, and Ca, are used as the S/D contacts to vary the barrier height for hole and electron 
injection into the pentacene layer. All these devices show ambipolar characteristics as well. 
Figures 3(a) - 3(d) show the transfer characteristics for different metals as the S/D electrodes. 
The devices with Au as electrodes show the enhancement of p-type behavior, but poor n-type 
behavior. Since the work function of Au is 5.1 eV, which is very close to the highest occupied 
molecular orbital of pentacene, it is much easier for a hole than for the electrons to inject from 
the metal electrode into semiconductor. Using Ca as S/D electrodes, the results obtained are 
vice versa, i.e., the enhancement of n-type behavior but poor p-type behavior is observed. A1 
and Ag metals, when used as S/D electrodes, possess a suitable work function to balance the 
hole and electron injection into the highest occupied and the lowest unoccupied molecular 
orbital of pentacene. Although the charge injection barriers are balanced in both polarities, the 
increase of potential drop at organic/metal interface will increase the |Vt| as compared to Au 
in p-channel operation and Ca in n-channel operation [18]. The summary of ambipolar 
pentacene FETs with different metals as S/D electrodes is given in Table 1. These results 
demonstrate that the choice of the suitable metal in pentacene FETs also plays an important 
role to reveal the ambipolar characteristics. 

Table 1. Summary of parameters extracted from the ambipolar pentacene field-effect 
transistors using different metals as source and drain electrodes 


S/D Metal 

Mobility 

(cm2/Vsec) 

On/Off 

Current Ratio 

Subthreshold 

Slope 

V T (V) 


n 

P 

n 

P 

n 

P 

n 

P 

Ca 

8.5 x 10 -3 

7.5 x 10 -3 

1 X 10 4 

1 X 10 4 

0.4 

1.1 

31 

-47 

Al 

2.3 x 10' 3 

2.6 x 10 -2 

1 x 10 2 

1 x 10 3 

1.0 

0.4 

42 

-27 

Ag 

2.1 x 10' 3 

2.2 x 10 -2 

1 x 10 3 

1 x 10 4 

0.7 

0.4 

37 

-35 

Au 

1.0 x 10' 4 

9.0 x 10' 2 

1 x 10 2 

1 x 10 4 

1.1 

0.3 

55 

-15 


The schematic cross section of device with LiF insertion layer is shown in Figure 4(a). 
Since the range of thicknesses of LiF thin film employed lies in the sub-nanometer regime, 
the film surface presumed to be discrete with discontinuous islands (Figure 4(b)). This results 
in the formation of two different junctions at metal/organic semiconductor interface, which 
are pentacene/LiF/Al and pentacene/Al. The energy band diagram of pentacene with LiF/Al 
for electrons and pentacene with A1 for holes is shown in the inset of Figure 6. The presence 
of discontinuous LiF islands leads to a lowering of the energy barrier for electrons from A1 to 
the lowest unoccupied molecular orbital (LUMO) of pentacene resulting in an increase of 
electron injection via tunneling [19]. Meanwhile, holes can be readily injected to the highest 
occupied molecular orbital (HOMO) of pentacene from Al. Figure 5 shows the dependence of 
hole and electron mobilities on the LiF film thickness. As shown in Figure 5, the device with 
bare Al as S/D electrodes exhibited unbalanced bipolar conduction, with the mobility of holes 
one order in magnitude higher than that of electrons. However, the effective contact area of 
the pentacene/LiF increase with increase in LiF thickness, which intern enhances the injection 
capability for electrons. As a result, the electron mobility is marginally enhanced and the p- 
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type behavior is partially inhibited rather than being totally sacrificed. Further increase in the 
LiF layer thickness beyond 3 nm leads to the diminishing of balanced bipolar conduction. 
This could be attributed to the high resistivity of the LiF layer, which leads to slow down the 
tunneling probability for electrons and to reduce the effective contact area of pentacene/Al. 
Therefore, the thicker LiF layer makes the electron and hole injections difficult for the 
ambipolar conduction. 
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nnnn 
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Figure 4. (a) A schematic cross-section configuration of our top-contact OTFTs with insertion layer 
LiF. (b) The atomic force microscope image of p + -Si/Si0 2 /pentacene/LiF (0.3 nm). 
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Figure 5. Electron and hole mobilities as a function of LiF layer thickness for the ambipolar pentacene 
organic field-effect transistors. 

Figure 6 shows the drain-source current (/ DS ) as a function of drain-source voltage (Fds) 
of ambipolar pentacene FETs with LiF (3 A)/A1 as bi-functional electrodes at various gate 
voltages. The devices show an apparent ambipolar transport behavior at a gate voltage of 































390 


Chih-Wei Chu 


larger than |40| V. It can be noted that both the n- and p-channel output characteristics exhibit 
significant saturation which behaves quadratically as a function of gate bias. Inset of figure 6 
represents the corresponding plots of |/ DS | and |/ D s| as a function of Vq for the ambipolar 

pentacene FETs with LiF (3 A)/A1 as bi-functional electrodes. The threshold voltage (Ft) and 

1 12 

carrier mobility can be extracted from the intercept and slope of the curve of |/ DS | versus Vq. 
These devices exhibit strong field-effect modulations of channel conductance in the 

ambipolar operation with a threshold voltage of -17 and 39 V for p- and n-type operations, 

2 

respectively. In addition, the mobility values for hole and electron are estimated as 1.2 x 10" 

3 2 * 

and 9 x 10" cm /V-s, respectively. Such a balanced electron and hole mobilities makes the 
feasibility of ambipolar transport in pentacene TFTs. 
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Figure 6. Drain-source current (/ DS ) as a function of drain-source voltage (F DS ) of ambipolar pentacene 
FETs with LiF/Al as bi-functional electrodes at various gate voltages in p- and n-channel operations. 
The left-top inset is the energy band diagram in equivalent of pentacene/LiF/Al and pentacene/Al. The 
unit of energy level is in electronvolt. The right-bottom inset is the plots of |/ DS | and |/ DS | 1/2 as a function 
of V G for the ambipolar pentacene FETs with LiF (3 A)/A1 as bi-functional electrodes. 

One of the most essential and important building blocks of a logic circuit is the inverter, 
and these pentacene-based OFETs mentioned above are suitable for the feasibility of an 
inverter. A complementary-like inverter circuit is shown in the inset of Figure 7. Because of 
the unique ambipolar characteristics, the inverter is capable of operating in both the first and 
third quadrants. Figures 7 (a) - 7 (d) show the typical transfer characteristics of such an 
inverter. A sharp inversion is observed in both quadrants. When the supply voltage (Fdd) and 
input node (Fin) are biased positively, the ambipolar transistors can be operated as p-channel 
and n-channel FETs, the inverter works in the first quadrant with the maximum voltage gain 
for the device without LiF insertion layer of 8 and for the device with LiF insertion layer of 
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11.5; whereas the supply voltage (Cdd) and input node (Fin) are biased negatively, the 
ambipolar transistors can be operated as n-channel and p-channel FETs, and the inverter 
works in the third quadrant with the maximum voltage gain for the device without LiF 
insertion layer of 11 and for the device with LiF insertion layer of 9.5. The inverter made by 
LiF inserted ambipolar transistors exhibit a superior performance such as high gain and the 
inversion point more closer to 1/2 V DD . 



Figure 7. Transfer characteristics of complementary-like ambipolar pentacene inverter in (a) & (b) 
without LiF insertion and (c) & (d) with LiF insertion and their corresponding gains. The insets show 
the scheme of the complementary-like inverter circuit, which is composed of two identical pentacene 
transistors. 


Conclusion 

In summary, the ambipolar pentacene field-effect transistors have been demonstrated 
through interface engineering. Incorporation of PMMA layer helps in reducing the surface 
traps and hence acts as an interfacial-modified layer, thereby promotes ambipolar transport in 
pentacene TFTs. Meanwhile, using a suitable work-function metal electrode can balance the 
carrier injection of both polarities thereby leading to the ambipolar conduction. For further 
enhancing the performance of ambipolar FETs, the insertion of a LiF interlayer between 
pentacene and A1 electrode was carried out and a significant improvement in the performance 
of ambipolar pentacene TFTs was observed. As compared to the OTFTs with pristine A1 
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electrodes, the devices with an LiF interlayer exhibit an enhanced electron mobility without 
scarifying a great deal of hole mobility. 
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Abstract 

Extruded scintillator with co-extruded hole and reflective coating will be used both in 
MINERvA and T2K experiments. We have studied WLS (wavelength shifting) fibers (Yll 
and Y7) for different shapes of the extruded scintillator readout using MRS 
(Metal/Resistor/Semiconductor) photodiode. The Y7 fiber was considered because of its 
lower then Yll cost. The purpose was to find out which fiber performs better in above 
configurations. First, the responses for both types of fibers, with and without optical grease, 
were measured by PMT (Photomultiplier Tube). The PE (photoelectron) yield from cosmic 
rays for different scintillator shapes and both fiber types, as seen by MRS photodiode, are 
reported. The attenuation lengths of Y11 and Y7 were measured using MRS Photodiode. Y7 
fiber shows somewhat better performance at short distances from the photo detector, while 
Yll performs better at larger lengths. 


I. Introduction 

To take the full advantage of the physics potential of the currently planned e+e- linear 
collider detector [1] [2], and the T2K neutrino beam near detector [3], the presence of the 
strong magnetic field will be required. 
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The performance requirement of the photodetectors in the magnetic field has directed our 
attention to the MRS photodiode that is known to be insensitive to the magnetic fields of 9T 
[4]. As silicon based device, MRS has a different spectral sensitivity then PMT. Using this 
photodiode, we studied the properties of two Kuraray [5] multiclad wavelength shifting 
(WLS) fibers: Y7 and Y11; and the coupling of the photodiode to the extruded [6] scintillator 
via those fibers. Attenuation length, light yield of the scintillator used, and effect of optical 
grease in the co-extruded hole on scintillator-fiber coupling were studied. These results are 
useful for any detector using WLS fibers. 


II. Descriptions and Schematics 

A. MRS Photodiode Description and Operational Principle 

The MRS photodiode is a multi-pixel solid-state device with every pixel operating in the 
limited Geiger multiplication mode. A resistive layer on the sensor’s surface accomplishes 
avalanche quenching. The devices used were of round shape, and they had - 1000 pixels per 
1.1mm diameter photosensitive area, with quantum efficiency (QE) of the device reaching 
-25% at 500nm, and reaching peak QE of approximately 30% at ~550nm [7]. In addition, 
MRS is found to be non-sensitive to the magnetic fields of up to 9T [4]. 

B. Types of Scintillator Used 


1.7mm 




Figure 1. MINERvA rectangular (top) and triangular (bottom) shaped extruded scintillator with co¬ 
extruded hole and coating. 
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The following types and shapes of the scintillator were used: extruded scintillator with 
co-extruded hole and coating for the MINERvA [8] (both triangular and rectangular shaped) 
(Figure 1), and the K2K SciBar [9] 1.3x2.5cm rectangular extruded scintillator, also with co¬ 
extruded hole and coating. 

C. Schematics of PMT Measurements 

Light output measurements for different WLS fiber diameter with and without optical 
grease in the co-extruded hole for Yll, and for 1.2mm outer diameter Y7 fiber were 
conducted using the Hamamatsu PMT R580 [10]. The PMT was readout by Keithley [11] 
6485 picoammeter. The Yll fibers with different diameters were tested to see the light yield 
change for each diameter in the same sized co-extruded hole; the Y7 fiber was 1.2mm outer 
diameter only. Fibers were cut from a reel. All fibers were 16cm in length; this is 2cm longer 
then the scintillator piece used in this setup. The fibers' ends in contact with PMT were 
polished using a fly-diamond technique. The other ends of the fibers were cut at 45° and 
painted black to prevent reflections. 

The attenuation length of scintillator without fiber was measured using same PMT- 
picoammeter setup. The triangular shaped extruded scintillator bar with co-extruded coating 
was tested. The setup schematics of these measurements are given in Figure 2. 



Scintillator 



Figure 2. Setup for scintillator attenuation length measurements (top), and for measurements with WLS 
fibers (bottom). 

For attenuation length measurements, the radioactive source was placed on the center of 
the 33 mm base of triangular scintillator with an accuracy of approximately 3 mm and was 
not collimated. In addition, the attenuation measurement was repeated using a Bivar [12] 
LED5-UV-400-30 T1 3/4 5mm UV LED with peak emission at 400nm, to see how the results 
may change with a different way to excite a scintillation light. 
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D. Measurements Using MRS Photodiode 

For the measurements with cosmic rays, the -14cm long pieces of SciBar and MINERvA 
scintillators were used in conjunction with 1.2mm pieces of Yll and Y7 WLS fibers. The 
fibers were -16cm long, polished at one end and cleaved at 45° and painted black on the other 
because option of using mirrored fiber was unavailable at that time. There was -1 cm 
between the sensor's cap (that held the fiber in alignment with photosensitive are of MRS) 
and the scintillator. For top and bottom triggers, the 1x2x10cm pieces of extruded [6] 
scintillator with co-extruded coating were used, coupled directly to the PMT face using 
optical grease. 

For the fiber attenuation length measurements, the 1.2mm outer diameter 3m long Yll 
and Y7 fibers were used. In both samples, the concentration of dopant was 175ppm. Both 
fibers were polished at one end, and cleaved at 45° and painted black at the other. As a light 
source, a Bivar [12] UV LED coupled to 2x2x3cm extruded [6] scintillator with co-extruded 
hole was used. The pulse generator was providing the gate signal as well as 15ns wide square 
pulses for LED. 

The schematics for both setups are presented in Figure 3. 




Figure 3. The setup for cosmic rays (top), and for fiber attenuation length (bottom) measurements. 
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III. Experimental Results 

A. PMT Measurements 

The results for the light output for different diameter fibers (Yll), and 1.2mm Y7, with 
and without optical grease, are presented in Figure 4. For these measurements, the R580 PMT 
was biased at 1300V and directly connected to the picoammeter. The scintillator was 
illuminated by UV LED. Special care was taken to prevent LED light from reaching the PMT 
directly. A non-transparent cap was placed on the PMT to provide this needed light insulation 
and to hold fiber in place. All tested fibers were placed in front of the same photocathode area 
during this measurement. The Bicron BC-630 [13] optical grease was used. 



Figure 4. The PMT output for various WLS fibers (with and without optical grease for each fiber 
tested). 

From Figure 4 we see the -53% increase in light yield when the optical grease is used in 
the case of co-extruded hole. It indicates that gluing WLS fiber will provide similar increase 
in light output. The light yield of the 1.2mm outer diameter Y7 WLS fiber, as measured by 
PMT, is lower than that of the 1.2mm outer diameter Yll WLS fiber. 

The results for the bulk scintillator light attenuation length of the triangular shaped 
MINERvA bar is shows in Figure 5. Measurements were conducted using Cs and UV 
LED, yielding similar results. For technical reasons, the zero position in radioactive source 
measurements is defined at the PMT, and at the end farthest from the PMT for LED 
measurements. A -60cm long scintillator bar was used. For this test, a casing with -1mm 
diameter hole for light output was built for the LED. Such LED light source was better 
collimated then the radioactive source. A wand configuration of gamma source without 
additional collimator was used. 

The tests yield results of-10.1cm for UV LED measurement and -10.2cm for 137 Cs. The 
difference between results is -1% indicating that UV LED in the attenuation length 
measurement performs similar to the radioactive source. 
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Figure 5. PMT response to UV LED position (top) and radioactive source position (bottom) along the 
bulk triangular shape scintillator without WLS fiber, yielding attenuation lengths of ~10.1cm and -10.2 
cm respectively. 


B. Measurements Using MRS Photodiode 

The measurements conducted using the MRS photodiode include light yield from cosmic 
rays for various scintillator coupled to the sensor with Yll and Y7 WLS fibers, and the 
attenuation lengths for both of these fibers. 

The schematic for cosmic rays measurements is in Figure 3 (top). MRS photodiode was 
calibrated using the procedure described in [14]. The optimal operating bias voltage was 
found to be 27.84V. From calibration, one PE corresponded to -8.15 ADC (analog-to-digital 
converter) channels. 

Results are displayed in Table I. The ADC channels mean values and the PE conversions 
are indicated and are rounded off to first digit after decimal point. For MINERvA triangular 









The Coupling of the MRS Photodiode wth Coated Extruded Scintillator... 


401 


scintillator, two results are quoted: '’center” and "side”. For "side” measurements, top trigger 
was turned 90° (thus becoming 1cm wide) and placed over the edge of the triangular 
scintillator. In all results quoted, the position of pedestal is subtracted. 

Table I. light yield from cosmic rays for various scintillator coupled to the sensor with 

Yll and Y7 WLS fibers 


Scintillator 

Fiber 1.2mm) 

MRS Response 
ADC Channels) 

MRS Response 
(PE) 

MINERvA 

Rectangular 

Yll 

159.2 

19.5 

SciBar 

Yll 

139.2 

17.1 

MINERvA 

Rectangular 

Y7 

179.4 

22.0 

SciBar 

Y7 

159.7 

19.6 

MINERvA 

Triangular 

(center) 

Y7 

138.2 

17.0 

MINERvA 

Triangular 

(side) 

Y7 

48.9 

6 



Distance from MRS (cm} 


Figure 6. Response of Yll and Y7 WLS fibers vs. distance from photodetector. The respective error 
bars are smaller then size of markers and are not shown. 

Out of all recorded data, the lower signals discemable from noise were -47 ADC 
channels (-5.8PE). In MINERvA "side” test, this value is indicative of the measurable 
response of the scintillator edge. 
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The schematic for the light attenuation measurements in Y7 and Y11 fibers is shown in 
Fig 3 (bottom). A small 2x2x3cm piece of scintillator without coating and with co-extruded 
[6] hole was used in conjunction with UV LED as a light source. The results of these 
measurements are presented in Figure 6. As seen, Y7 performs better at rather short distance 
whereas Yll is better at larger distances away from photodiode. The fitting with double 
exponent yields the following results: for Y11 get 35.5+0.3cm and 463.4+1.2cm for short and 
long components, and for Y7 we get 11.2+0.3cm and 293.1+5.6cm. 


IV. Conclusion 

The comparison of the Y7 and Yll WLS fibers is important for the R&D of the T2K 
project, for which both types of fibers were considered initially. Even though that Y7 fiber 
yields more light for a short distance from photo detector (as seen by MRS photodiode), for 
the length of fibers over 2m, as needed for T2K project, Y11 is preferable. 

The -53% increase in light output was detected for WLS fibers of different diameters 
when optical grease was used in co-extruded hole. Two geometries of the MINERvA 
scintillator bar were tested, triangular and rectangular. For triangular case, the lower response 
to cosmic rays measured at the bar side was -6PE (near photo detector), whereas at the center 
that value was -17PE. The attenuation length for the bulk triangular scintillator was found to 
be -10.1cm and -10.2cm by using UV LED and radioactive source respectively. 
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Short Communication D 

Avalanche Photodiode as an Electron 

Detector 

Keiichi Ogasawara 
Tsukuba, Japan 

Abstract 

Compared to normal photodiodes, an avalanche photodiode (APD) has internal gain. 

With a large reverse bias voltage on diodes, the electric field in the active region can 
exceed a critical value. There, signal carriers are accelerated to a certain velocity and 
create other electron-hole pairs in the active region. Then the avalanche-like multi¬ 
plication of the signals can occur incrementally. APDs offer fascinating properties 
in terms of the detection of minute signals and fast response. The high electric field 
makes signal carriers fast when passing through the active region. Although APDs 
are widely used for photo-electronic devices, they are also applicable for ionizing par¬ 
ticles. Because of these properties, APD makes it possible to detect extremely low 
energy particles even under the environment of high temperature. Thanks to techno¬ 
logical improvements of the semiconductor process in recent days, excellent APDs for 
electrons are available. In this chapter, the mechanism of APDs as a particle detector 
and its latest results are reviewed. 

Introduction 

An avalanche Photodiode (APD) has very attractive properties in terms of fast response 
and high energy resolution in direct measurements of ionizing radiations. Because of the 
avalanche multiplication of carriers, APD can detect lower energy radiations accompanied 
by small signal charges. Inside of the APDs, there is an avalanche layer where the electric 
field is so high that carriers are multiplied in an avalanche way. Typically, the rise time of the 
output pulse can be as short as a sub-nanosecond [e.g. Kishimoto et al., 2003]. In general, 
APDs are often used for photoelectronic devices [e.g. Sze, 1981; Laird et al ., 2005]. The 
process of avalanche multiplication in a semiconductor was first reported by McKay [1954]. 
APDs were widely introduced in the 1960s and the device has been operated in a number 
of usages because of its high quantum efficiency, compactness, low power consumption, 
and so on. Recently, the APD has been applied to soft X-ray detection [e.g. Pansart, 1997; 
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Moszyriski et al , 2002a; Kishimoto et al , 2003]. Also APDs were used combined with Csl 
scintillator for X-rays [e.g. Yang et al ., 2003; Ikagawa et al , 2003; Ikagawa et al ., 2005; 
Kataoka et al , 2005], resulting in an excellent energy resolution. For particle detectors, 
APDs were expected to be applied for the read-out of the light pulses from scintillators 
under the extremely high magnetic field conditions where photomultiplier tubes are not 
able to work [Pansart, 1997]. APDs were also applied to beta-decay electrons from tritium 
(< 18.6 keV ), converted to characteristic X-rays through the interaction with a metal target 
[Surette, 1994]. 

Naturally, attempts have been made to apply APDs as direct particle detectors includ¬ 
ing electrons as an analogy to semiconductor radiation detectors. In this context, ’direct’ 
denotes that the particles are detected directly by the detector. Because of the recent im¬ 
provement of a ’reach-through’ type APDs, APDs have become increasingly sophisticated 
in terms of particle detection. APDs offer low threshold, high resolution and fast measure¬ 
ment with extremely high and stable detection efficiency for every problem of electron ob¬ 
servation. In this chapter, working mechanisms and applications of APDs as direct electron 
detectors are reviewed. Sometimes ’APD’ is denoted as ’AD’ (Avalanche Diode) focus¬ 
ing on particles in some articles. Instead of AD, ’APD’ is used in this chapter in order to 
prevent confusion. 


1. How APD Works 

1.1. Solid-State Detectors 

In terms of the detection mechanism, the APD is basically similar to that of a semicon¬ 
ductor detector, or a solid-state detector (SSD), against ionization radiations. This section 
starts with the explanation of this SSD. The SSD is a diode device composed of a semi¬ 
conductor junction between thick n-type material and a thin p-type material. Around a p-n 
junction, there is a region empty of free carriers called the depletion region, where there is 
an electric field due to the charge density created by the ionized atoms of the lattice. The 
charge density is positive in the donor n-type region and negative in the accepter p-type. If 
a voltage is applied to a diode, the depletion region widens and may even reach the extrem¬ 
ities of the diode. If the kinetic energy of an incident electron is larger than the width of 
the forbidden gap, it can make an electron jump from the valence band to the conduction 
band creating an electron-hole (e-h) pair. If an e-h pair production occurs in the depletion 
region, the electron and the hole drift in opposite directions under the influence of the elec¬ 
tric field, and a current is created. Once pairs were created, electrons will diffuse or respond 
to the electric field until they are collected, trapped, or annihilated by recombination with a 
hole. Like any other ionizing particles or photons, electrons can produce e-h pairs with an 
average rate of one e-h pair per e eV of ionization energy (e ^ 3.61 in the case of silicon 
photodiode [e.g. Knoll, 2001]). The mean number of produced e-h pairs is then given by 
Neh = E/e. Thus the incident energy of electrons can be measured with an SSD alone. 

Several fundamental parameters of SSDs will govern their performances. Firstly, noise 
in the SSD can severely limit the low-energy threshold for detection of electrons. Sources 
of intrinsic SSD noise include the dark current due to the thermal promotion of carriers 
across the depletion region, and leakage current which becomes significant if large bias is 
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applied to the detector. Second, the energy resolution of the SSD is limited by the statistical 
variation of the total number N e h of e-h pairs produced. The variance in N e h limits the en¬ 
ergy resolution A E in FWHM to 235E^/ f n /N e h where f n denotes the Fano factor [Knoll, 
2001]. For f n = 0, every incident particle produces the same number of e-h pairs. For f n 
= 1, interactions of the incident electron within the solid are completely random, so the 
variance follows Poisson statistics. A value of f n < 1 implies that sequential interactions of 
an incident electron in the detector are correlated (not independent as in Poisson statistics). 
A typical value of f n in silicon SSDs is about 0.1 [Knoll, 2001; Zullinger et al , 1971]. 

A normal SSD has a dead layer on the surface where the created e-h pairs cannot be 
collected as the output, and are annihilated by recombinations. The dead-layer causes a 
decrease in the SSDs’ detection efficiency for lower energy electrons. However, if the 
thickness of the inlet dead layer is thin enough, the internal quantum efficiency of SSDs, 
such as silicon photodiodes, can be almost 100% for electrons with energies over 1 keV 
[Funsten et al ., 1997]. That fact has the potential of a lower energy detection limit with 
silicon based SSDs. 

1.2. APD Structure 

Except for its internal gain, APD works on the same principle as SSDs which are com¬ 
posed of p-n juction diodes. With a large reverse bias voltage on diodes, the field in the 
depletion region can be made to exceed a critical value (about 200 kV/cm in silicon), then 
the ’avalanche’ multiplication can occur. Once electrons are created in the depletion region, 
they will drift to the region where there is a strong electric field. That region is called the 
’avalanche region’. In case of silicon diode, electrons of the primary e-h pairs will be fully 
accelerated by the ambient electric field in the avalanche region. If electrons get enough 
kinetic energy to create another e-h pair in turn by the Auger process, carrier pairs multi¬ 
ply proliferously. This amplification gives an internal gain, which increases the S/N ratio 
significantly even under a room temperature. In that way, the detection limit of the lowest 
energy falls down lower. For the semiconducting material, Si, Ge, and GaAs are commonly 
used for fabricating APDs. Because of the stability of the multiplication factor and low 
excess noise [e.g. Su et al ., 1978], Si is often chosen for the electron detector. 

Figure 1 shows three typical APD structures: (a) ’beveled-edge’, (b) ’reach-through’, (c) 
’reverse’ type from top to bottom [e.g. Pansart, 1997; Moszynski et al , 2002b; Kataoka et 
al , 2005]. Early designs of APDs utilized the beveled-edge type to prevent from premature 
avalanche breakdown in order to achieve a high gain with the simplest structure. It consists 
of a p + -n junction with a high resistivity n type layer which increases the breakdown voltage 
up to kilovolt range. The breakdown at the edge is prevented by beveling structure and 
making the junction very deep (^50 /am) in order to reduce the edge electric field profile. 
Therefore the dead-layer in the p + region is usually etched away to increase the collection 
efficiency [Webb et al , 1974; Moszynski et al , 2002b]. The beveled-edge device has a 
wide depletion region ranging up to hundreds of microns, which mainly extends to the n- 
type region where electrons are more likely to be multiplied than holes. That mechanism 
relatively decreases the dark current, because the dark current was mostly generated by the 
hole current [Saleh et al , 1991]. The disadvantage is that the working reverse bias voltage 
is extremely high. Additionally, the multiplication factor depends highly on the position 
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Figure 1. Typical internal structures of three types of APDs: (a) ’beveled-edge’, (b) ’reach- 
through’, (c) ’reverse’ type from top to bottom. Particles inject from the left side. The 
electric field profile is also shown in the bottom panels. The avalanche multiplication occurs 
in the filled part of the electric field profile. 


where e-h carrier pairs are produced because there exists the gradient of the electric field in 
the wide avalanche region. 

The most remarkable property of the reach-through device (b) is that the avalanche re¬ 
gion is separated from an absorption region. In the absorption region, the p + layer at the 
active surface is followed by the an intrinsic depletion layer, which increases the particle 
absorption depth. As for the thickness of this absorption region, 10 to 200 (im is commer¬ 
cially available. Electrons of the carrier pairs generated by an injected particle experience 
first a region of low electric field, and drift to a narrow region of high electric field where 
avalanche multiplication occurs [Webb et al., 1974; Webb et al., 1984; Refaat et al., 2000]. 
The reach-through device needs relatively low voltage (several hundreds of volts) for full 
depletion due to the narrow avalanche region. The response is so fast that reach-through 
APDs are sometimes chosen as a fast counting detector. The linearity of the output signals 
to the injected particles is expected to be good because almost all of the created carriers can 
be multiplied uniformly. 

The device (c) is similar to the reach-through APD, however, the avalanche region has 
turned over to the front edge, with the peak field lies only about several (im from the 
surface of the device. In the reverse device, carrier electrons are first multiplied, then all 
the secondary electrons drift toward the diode end [Lecomte et al ., 1999; Kataoka et al., 
2005]. This type is used specifically coupled with scintillators. Since typical plastic scintil- 
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lators emit at wavelengths of 500 nm or less, most of the light pulses from scintillators are 
absorbed within the first 1 to 3 (im of the depletion layer and carriers undergo full multi¬ 
plication. Most of the dark current, on the other hand, undergoes only hole multiplication, 
that is seldom seen in silicon APDs, and the noise could be relatively reduced significantly. 

Though all types are able to be applied for electron measurements, the reach-through 
type is the best option because of the three reasons: the thin dead-layer, the needlessness of 
the high reverse voltage, and the existence of the absorption region where the output signals 
are proportional to the incident electron energy. 


1.3. Avalanche Multiplication 

In any APDs, ionization coefficient, the coefficient to make other carrier pairs for elec¬ 
trons, will increase roughly in proportion to the electric field strength. As a consequence, 
the gain will initially rise exponentially with the applied bias voltage. Hence the rise is 
significantly faster than exponential at higher gains, and then the gain rises uncontrollably 
around break-down voltage. This rapid rise is a consequence of positive feedback inherent 
in the avalanche process and is mostly caused by ionization produced by holes as well as 
by electrons [Tapan et al. 1997]. In silicon, the hole-induced ionization coefficient ah is 
less than the coefficient for electrons (a e ). The ratio k = ah/a e increases toward unity with 
increasing field strength. Every ionization event which occurs within an avalanche region 
will release a hole as well as an electron. Then as the field strength increases, it becomes 
more likely that some of these holes will cause ionization. As soon as it becomes probable 
that a hole will ionize the semiconductor and start another avalanche, then the process tends 
to become self-sustaining and the diode will break down. This is evident in the standard 
expression for the break down in a depletion region of width W [e.g. McIntyre, 1966; 
McIntyre 1972; Sze, 1981] 


w 


a e exp 




1. 



In the extreme case where a e — ah the hole and electron ionization are the same and then 

w 

a e dx = 1. (2) 

Under this circumstance, if the bias is high enough to produce ionization by electrons, it is 
also likely that any hole released will in turn cause further ionization as it makes its way 
back across the high-held avalanche region and the diode will break down. 

Avalanche multiplication is a random process leading to fluctuations in addition to those 
due to signal statistics. These fluctuations are characterized by the excess noise factor F. 
At high gain F can be approximated by the expression [McIntyre, 1972] 



F(M) ~ M 




The k value typically equals ^0.04 for silicon. At a gain of M = 50 the APDs have an 
excess noise factor of 2. 
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Figure 2. Equivalent circuit of non-avalanching detectors (a) and avalanche photodiodes 
(b). 


1.4. Noise Evaluation 

The equivalent circuit of the system is shown in Figure 2. Panel (a) shows the case of 
non-avalanching photodiode, and (b) shows the avalanche photodiode in the figure, where 
each circuit component expresses: /(£), signal current electrons; Ci n , equivalent input ca¬ 
pacitance; R p , equivalent parallel resistance; I n , leakage current of the circuit; R s , equiv¬ 
alent series resistance, I ns , surface leakage current of APD; I n ^ inner leakage current of 
APD; M, gain of the avalanche multiplication. Then, APDs or SSDs work as circuit el¬ 
ements with internal resistance and internal capacity at the same time. The panel (a) in 
Figure 2 indicates that signal pulses just after the pre-amplifier contains following noise 
sources in a differential frequency width 



4 kT 

^ClR | 


+ 4 kTR, + 


2 eL 


const. 


oj 2 C 2 

in 


A/, 



where the first and the second terms on the right-hand side denote the thermal noise, the 
third denotes the shot noise, the fourth denotes the 1// noise, oj indicates a frequency of 
the noise. If the shaping time constant is set to r s and we choose cj/2tt = f A / 1 / T s 
for the simplicity, the noise after the shaping amplifier is written in the form 



1 [ 1 (2kT T \ 

7 


To + AkTRgC? --b c. • Cf. 



Here both right and left hands are bracketed off by 1/ Cf n , since the object for the measure¬ 
ment is in the unit of charge. The first term of the right-hand side in Eq. 5 has little effect 
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on the result, considering R p is adequately large. The second and the third terms of the 
right-hand side suggest that C vrl is significant and decisive for the noise of the detector, es¬ 
pecially because the R s is considerably large. Note that in the case of solid-state detectors, 
C vrl depends on the reverse-bias voltages. 


Table 1. The comparison of the noise coefficient between avalanche and 

non-avalanching photodiodes. 



non-APD 

APD 

A 

1 ' 3 X ( R v 1 cI n) 

1.3x (f+ e(4 s + I nt FM 2 )) 

B 

1.3 x 2 kTR s Cf n 

1.3 x 2 kTR s Cf n 

C 

c-'Cl 

c.'Cl 


Next let us consider the circuit noise for a measurement system with an APD. As is 
introduced thus far, the APD has an internal gain, represented by M. Referring to the panel 
(b) in Figure 2 and Eq. 5, the noise after the shaping amplifier is written correspondingly in 
the form 


VS2 = 


2 

^in 


2 kT 


2tt 2 \ R 


+ e ( Ins + I 


V 


r nb FM 2 j \ ■ t s + AkTR s C 2 n .2 + c. • C 2 n 


( 6 ) 

After doing some algebra for Eq. 5 and Eq. 6, the equivalent noise charge (ENC) can be 
divided into three part in accordance with the dependence on r s as follows 

ENC 2 = (Vs ■ C in ) 2 = A ■ T S + B ■ - + c (7) 

Ts 


where C represents the 1// noise, and A, B are given in the Table 1. A • r s is called the 
current noise, while B • is called the capacitance noise. 

F is called excess noise factor as a function of M defined in Eq. 3 (F > 1). This sug¬ 
gests that the shot noise within the depletion region of APD increases incrementally by the 
avalanche multiplication. Considering that the power of the signal increases in proportion 
to M 2 , the noise source is able to be divided into two parts: the noise that can be reduced by 
the avalanche gain and the noise that would be multiplied by the avalanche gain. Reflection 
on the Table 1, the thermal noise and the surface leakage current are able to be cut down 
by the avalanche gain, while the inner leakage current increases faster than the signal by 
the avalanche process. That limits the working bias voltage at the optimum value. Figure 3 
shows schematically the way the optimum bias voltage is chosen. 


1.5. Technical Properties for Application 

As has been reported so far, the multiplication factor depends on the temperature [e.g. 
Ochi et al ., 1996; Dorokhov et al ., 2003; Fernandes, 2004; Yatsu et al ., 2006]. The mul¬ 
tiplication factor gets higher when the temperature goes down typically by minus several 
%/K. This temperature dependence of the multiplication factor is due to the temperature 





412 


Keiichi Ogasawara 



Figure 3. Power levels of noises and signals through a stage of avalanche multiplication. 


dependence of the ionization coefficients of electrons and holes. The carrier electrons lose 
part of their energy with the interactions against optical phonons, and the mean free path 
of that electron-phonon interaction decreases with increasing temperature [Su etal ., 1978]. 
This dependence on temperature of output signals indicates a necessity of the countermea¬ 
sure against temperature when we are focused on the energy determination from the output 
pulse height. 

Radiation hardness has been tested by many researchers for a particles [Anzivino et 
al, 1999], for neutrons [Reucroft et al, 1997; Baccaro et al, 1999], for 7 -rays [Kirn et al ., 
1997] and for protons [Kotoku et al ., 2006]. In almost all case, both the increase of the 
leakage current and the degradation of the multiplication factor are seen after irradiations. 
However, some results indicate that APDs are hardly affected by radiations as long as work¬ 
ing at low multiplication factors 15) for a particles [Anzivino et al., 1999] or for protons 
[Kotoku et al , 2006]. Those radiation effects must be tested for the usages of spacecraft 
applications, accelerators, or other radiological environments. 

2. Dynamic Range of APD 

2.1. Detectable Energy Range 

The limit of the detection is decided by the thickness of the dead-layer and the depletion 
layer. Incident electrons are randomly scattered passing through the APD, some penetrate 
into a deeper part, others stop at a shallower part. The average depth of e-h pair production 
largely varies with the incident energy. Figure 4 shows the probability at what depth the 
energy loss occurs in the bulk silicon. Those probabilities were calculated from the monte- 
carlo numerical modeling of the interaction between a bulk of the solid silicon and incident 
electrons. This figure also represents the distribution of initial e-h pairs because almost all 
energies lost in the depletion region are expected to be used for creations of e-h pairs. Ob- 
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Figure 4. Probability curve of the energy loss of electrons inside the bulk silicon. 


viously, the output signals are affected by the structure of the shallower part if the electron 
energy is low, and by the structure of the deeper part if the electron energy is high. 

Assuming that the output charge amount is proportional to the incident energy of elec¬ 
trons, the pulse height distribution (PHD) of the output pulses from APD should have one 
clear peak when the incident electrons are monochromatic. The formation of the PHD peak 
is expected to be related to the energy loss process of incident electrons in the dead-layer 
on the surface of the device. If the incident energy is low, its range in a solid is short and 
then most of the energy is absorbed in the dead-layer (Figure 5, a). Those e-h pairs created 
in the dead-layer would be scattered by lattice oscillations or captured by lattice defects, 
so that they would not contribute to the signal pulse. If the incident electron fortunately 
penetrate straightforward to the depletion region, the signal charge will be large. Thus the 
amount of the signal charge differs vastly in every incident electron if the electron range 
is comparable to the depth of the dead-layer (see the output PHD for 6 keV in Figure 6). 
Therefore, the proportionlality relation between the incident energy and the output charge 
becomes ambiguous. Then no clear peak in the pulse height distribution may be formed. 
In the marginal energy range, the signal charge varies case by case because the trajectory 
is full of turns and twists. That case, characteristic tailing features will appear (8 keV in 
Figure 6). The dead-layer also affects the efficiency for the lower energy electrons. If the 
incident energy is enough high compared to the dead-layer thickness, the intrinsic efficiency 
of the APD are degraded only by backscatter electrons. Then, the efficiency is expected to 
be more than 80 %. 

On the other hand, higher energy electrons have a larger range in solid and are able to 
enter deep inside the APD (Figure 5, c). If the incident energy is too high, the pulse hight 
distributions no longer have clear peaks, and the distribution was deteriorated in comparison 
with the lower energy case (see the output PHD for 30 keV in Figure 6). As the beam energy 
increases, the primary peak becomes obscure: the pulse height distribution consequently 
becomes almost flat at higher part. Instead, a lower new peak appears at the lower side 
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Figure 5. Typical trajectories of electrons with (a) low energy, (b) appropriate energy, and 
(c) high energy in a reach-through APD. The dead-layer locates above the wiggle lines. 
Produced e-h pairs are schematically drawn on the trajectory. 



Figure 6. Pulse height distributions of APD output signals for incident 6 keV and 8 keV 
electrons. The dead-layer thickness of this APD is about 0.3 fim. The reverse bias voltage 
was set to 150 V where M ^20. The temperature of the device was 15 °C. 
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ADC channel 


Figure 7. Pulse height distributions of APD output signals for incident 30 keV and 40 keV 
electrons. The depletion region thickness of this reach-through APD is about 10 (im . The 
reverse bias voltage was set to 150 V where M ^20. The temperature of the device was 15 

°C. 

and becomes more distinct with increasing energy. For primary electrons with energies 
high enough to transmit through the depletion layer including the avalanche region, the 
produced e-h pairs would be no longer collected as a signal. Then the pulse hight of the 
main peak would decrease (40 keV in Figure 6). 

The electron range divided by density for a bulk silicon is shown in Figure 8. Roughly 
speaking, keV electrons are affected by the structure such as the dead-layer at a depth of 
0.1 fim. 100 keV of incident electrons are expected to transmit the whole APD active 
area with a depth of about 100 fim. In Ogasawara et al. [2008], the APD with 140 fim 
absorption reagion is studied and it was working with clear peaks from 3 keV to 100 keV. 
The linearity was also well throughout the whole energy range. 

2.2. Count Rate 

Due to the strong electric field inside the avalanche region, the rising time of the APD 
output pulse is extremely fast in the nano-second level. For this reason, APD is also promis¬ 
ing as a fast counting device. Though the result is not for the electrons, Kishimoto et al. 
[2001] reports that the APD with 130 fim of active layer worked at the counting rate higher 
than 10 6 s -1 in X-rays spectroscopy keeping good energy resolutions. 

3. Applications 

3.1. Hybrid Photodetectors 

A hybrid photodetector (HPD) is a single-photon detector consisting of a photocathode 
and APDs [e.g Suyama et al ., 2004; Fukasawa et al ., 2008]. Photoelectrons from the pho- 
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Figure 8. Electron range divided by density for a silicon. The ranges were calculated based 
on Berger et al. [1998]. 


tocathode are accelerated up to around 10 keV and detected by APDs fixed in the vacuum 
tube. These HPDs have been recently used to detect extremely weak or fast optical signals 
at the single photon level. A photomultiplier tube (PMT) is one of the most conventional 
detectors of weak photon detectors with a large effective area, high gain, and fast response. 
HPD shows better photon resolution and even faster response, 15 ps of timing resolution 
with stable and high quantum efficiency [Fukasawa et al ., 2008]. Furthermore, HPDs can 
be used even under the high magnetic field condition. HPDs are expected to be applied for 
LIDAR (light detection and ranging), TCSPC (time-correlated single photon counting), and 
PET scanning in nuclear medicine. 


3.2. Experimental Physics 

In order to meet the requirement of fast time resolutions for particle detections, APDs 
are often used in physics experiments. Here two remarkable examples are reviewed. 

In Hauger et al. [1994], APDs were applied as a time of flight detector with sub-100 ps 
precision. They selected (5~ electrons from 160 Ru source with the end point energy of 3.5 
MeV , analyzed the pulses from electrons transmitted through two 140 pm reach-through 
APDs. According to their report, the risetime of the signal equaled 2.5 ns and the falling 
time was 9 ns , due to the avalanche multiplication of all the primary electrons and the drift 
time of the all secondary holes coming from the avalanche respectively. 

Kishimoto et al. [2000] reports that a reach-through APD was employed to observe the 
probability of the nuclear excitation by electron transition in 197 Au. Owing to the sub-ns 
time resolution, APDs enabled to distinguish weak internal-conversion electrons from the 
intense prompt radiation with a short attenuation time of 5 ns. 
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3.3. Space Sciences 

Micro Channel Plates (MCPs) and Channeltron Electron Multipliers (CEMs) have been 
used for the detection of low-energy particles with energies lower than ^20 keV [e.g. 
Paschmann et al , 1970]. The detection efficiency gradually decreases toward higher ener¬ 
gies than 1 keV , and the magnification of statistical errors and insufficient time resolution 
was difficult at this energy range. In addition, MCPs or CEMs are also sensitive to penetrat¬ 
ing energetic particles and photons or secondary electrons, which cause background noise. 
SSDs have been used to measure energetic particles in space [e.g. Willken et al ., 2001]. In 
case of electrons with energies lower than several tens of keV. However, the energy losses 
in the dead layer near the surface is significant, and the small number of created electron- 
hole pairs makes it very difficult to measure the electrons under the influence of electric 
noises. These technical problems have kept us away from the reliable measurements of 
electrons ranging from 1 keV to 100 keV in space. APDs are expected to be appied as 
the electron detector instead of the conventional SSDs and MCPs. Ogasawara et al [2006] 
reports the successful observation of auroral electrons using APDs by a sounding rocket 
experiment. As for the observation onboard spacecraft, verification test has been planned 
targetting particles over 30 keV for the first time by a Japanese pico-satellite project [Ko- 
toku et al , 2006]. It is possible that APDs are used widely as a very powerful, light and 
power saving monitor for the space environment in the near future, if utilized in the space 
station or spacecraft. 


Conclusion 

APD is a promising device for fast, low noise applications in electron observations. 
The APD is a kind of p-n junction semiconductor with an internal gain due to the avalanche 
multiplication of signal electrons or holes in the strong electric field within its depletion 
region. Compared to the normal semiconductor detectors, this strong electric field and 
internal gain enables low threshold, high resolution measurements and fast time resolution 
in cases of electron measurements. The thickness of the dead-layer on the surface of the 
APD determines the low energy limit, while the whole thickness of the depletion region 
is crucial to the high energy limit. There are wide variations of combinations of the dead- 
layer and the depletion region depending on the intended use. Continuing developments 
and experiments are actively being done for future applications. For instance, the pixilation 
of APDs will provide us with versatile usages for imaging applications or the necessity 
of a large active area. Geiger-mode APDs [e.g. Renker, 2006] can be applied to electron 
observations when a strong and extremely fast output is necessary. 
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